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Zusammenfassung

Zusammenfassung

Im Rahmen dieser Arbeit wurde das Phasenverhalten von Poly(styrol);s7oo-block-
poly(2-Vinylpyridin)aseee (SV*") hohen Molekulargewichts (390 kg/mol) in diinnen
Filmen untersucht, in denen die Selbstassemblierung der Block-Copolymere durch
Losungsmitteltempern erreicht wurde. Das hochentwickelte Verfahren der Behandlung

mit Losungsmitteldampf bietet kontrollierte und stabile Bedingungen.

In Kapitel 3 werden die Faktoren diskutiert, die den Prozess des Temperns und das
Schwellverhalten der diinnen Block-Copolymer Filme beeinflussen. Das
Schwellverhalten von Block-Copolymeren in Filmen wird einerseits durch die
Temperaturen des Losungsmitteldampfes und des Substrates sowie andererseits dem
Sattigungs-Dampfdruck kontrolliert. Zusétzlich beeinflussen auch Faktoren wie die
Geometrie und das Material der Kammer sowie die Art der Stromung in der Kammer die
Reproduzierbarkeit und Stabilitdit der Messungen. Der geringfiigig selektive
Losungsmitteldampf von Chloroform fithrt zu 10% starkerem Schwellen des P2VP-

Blocks im Vergleich zu PS in Filmen mit einer Dicke von ca. 40 nm.

Die variable Morphologie ultradiinner Filme eines Block-Copolymers hohen
Molekulargewichts (SV°>*°) wurde in Kapitel 4 untersucht. Das Schwellverhalten kann
durch die Temperatur und den Dampffluss unabhéngig voneinander prizise beeinflusst
werden. Die Umgebungstemperatur stellt einen limitierenden Faktor fiir den Bereich der
Annealing-Temperatur aufgrund der moglichen Kondensation des
Losungsmitteldampfes dar. Mehrere Methoden, wie zum Beispiel die Charakterisierung
mit Rasterkraftmikroskopie, Metallisierung und reaktives lonenéitzen, wurden verwendet,
um die Morphologie der Filme als perforierte Lamellen mit PS-Kugeln und P2VP-
Matrix zu bestimmen. Eine Analyse der Kinetik der Strukturbildung zeigt, dass sich die
urspriingliche Morphologie von Block-Copolymeren hohen Molekulargewichts sowohl
auf Substraten mit schwacher als auch starker Wechselwirkung innerhalb von 5 min

andert und das weitere Tempern zum Ausheilen von Defekten fiihrt.

Die morphologische Verdnderung von symmetrischen Block-Copolymeren bei

Filmdicken zwischen einer halben Dominendicke und einer ganzen Doménendicke
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Zusammenfassung

wurde in Kapitel 5 in Abhdngigkeit von Gradienten der Filmdicke und verschiedenen
Oberflicheneigenschaften der Substrate untersucht. SV**° und SV*° Filme zeigen eine
lamellare  Bulk-Morphologie nach Behandlung mit geringfiigig selektivem
Losungsmitteldampf (Chloroform). SV Filme bilden eine zylindrische Morphologie
unter Behandlung mit stark selektivem Losungsmitteldampf (Toluol) aus, weil das SV
Block-Copolymer wéhrend des Temperns eine asymmetrische Struktur aufweist
(Toluol-Aufnahme ausschlielich im Polystyrol-Block). Beide Morphologien (Lamellen
und Zylinder) werden durch die Filmdicke beeinflusst. Die Morphologie von SV**° und
SV* nach Tempern ist abhiingig von der Filmdicke und den Substrat-Eigenschaften und

dhnlich der Morphologie auf flachen Silicium-Wafern.

In Kapitel 6 wird ein Ansatz zur induzierten orientierten Mikrophasenseparation in
dicken Block-Copolymer Filmen durch Behandlung mit orientiertem Dampffluss unter
Verwendung eines Miniextruders vorgestellt, der als Alternative zu existierenden
Verfahren wie Nichtlosungsmittel-induzierter Phasenseparation dienen konnte. Die
ersten im Rahmen dieser Arbeit durchgefiihrten Untersuchungen zeigen das Potential
der Methode auf, welche die Struktur im gesamten Volumen des Films durchgehend
beeinflusst (durch SAXS-Messungen gezeigt). Jedoch sind detailliertere Studien

notwendig, um die Prozedur zu optimieren.



Summary

Summary

This project was focused on exploring the phase behavior of poly(styrene);s7op0-block-
poly(2-vinylpyridine)ose00 (SV>*°) with high molecular weight (390 kg/mol) in thin
films, in which the self-assembly of block copolymers (BCPs) was realized via thermo-
solvent annealing. The advanced processing technique of solvent vapor treatment

provides controlled and stable conditions.

In Chapter 3, the factors to influence the annealing process and the swelling behavior of
homopolymers are presented and discussed. The swelling behavior of BCP in films is
controlled by the temperature of the vapor and of the substrate, on one hand, and
variation of the saturation of the solvent vapor atmosphere (different solvents), on the
other hand. Additional factors like the geometry and material of the chamber, the type of
flow inside the chamber etc. also influence the reproducibility and stability of the
processing. The slightly selective solvent vapor of chloroform gives 10% more swelling

of P2VP than PS in films with thickness of ~40 nm.

The tunable morphology in ultrathin films of high molecular weight BCP (SV**°) was
investigated in Chapter 4. First, the swelling behavior can be precisely tuned by
temperature and/or vapor flow separately, which provided information for exploring the
multiple-parameter-influenced segmental chain mobility of polymer films. The
equilibrium state of SV>** in thin films influenced by temperature was realized at various
temperatures with the same degree of swelling. Various methods including
characterization with SFM, metallization and RIE were used to identify the morphology
of films as porous half-layer with PS dots and P2VP matrix. The kinetic investigations
demonstrate that on substrates with either weak or strong interaction the original

morphology of the BCP with high molecular weight is changed very fast within 5 min,

and the further annealing serves for annihilation of defects.

The morphological development of symmetric BCP in films with thickness increasing
from half-layer to one-layer influenced by confinement factors of gradient film
thicknesses and various surface properties of substrates was studied in Chapter 5. SV>*°

and SV* films show bulk lamella-forming morphology after slightly selective solvent
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vapor (chloroform) treatment. SV* films show cylinder-forming morphology under
strongly selective solvent vapor (toluene) treatment since the asymmetric structure
(caused by toluene uptake in PS blocks only) of SV’ block copolymer during annealing.
Both kinds of morphology (lamella and cylinder) are influenced by the film thickness.
The annealed morphology of SV**° and SV* influenced by the combination of confined
film and substrate property is similar to the morphology on flat silicon wafers. In this
chapter the gradients in the film thickness and surface properties of the substrates with
regard to their influence on the morphological development in thin BCP films are
presented. Directed self-assembly (graphoepitaxy) of this SV>*° was also investigated to

compare with systematically reported SV*°.

In Chapter 6 an approach to induced oriented microphase separation in thick block
copolymer films via treatment with the oriented vapor flow using mini-extruder is
envisaged to be an alternative to existing methodologies, e.g. via non-solvent-induced
phase separation. The preliminary tests performed in this study confirm potential
perspective of this method, which alters the structure through the bulk of the film (as
revealed by SAXS measurements), but more detailed studies have to be conducted in

order to optimize the preparation.



Motivation

Motivation

Block copolymers as a kind of self-assembling soft matter have shown a remarkable
development since their first synthesis more than 60 years ago [1]. Interest in block
polymer thin films has grown considerably with much of the work on thermal dynamics
of phase separation, applying the self-assembly of block polymer as advanced
approaches to develop nanolithography and generating other functional nanostructures
[2-5], since Mansky etc. launched the concept of exploiting block polymer self-
assembly for lithographic templates in 1995[6].

The immiscibility on the mesoscale and the miscibility on the microscale make block
copolymers an ideal material for emerging nanotechnologies including nanotemplating
[7-9], nanoporous membranes [10-12], nanolithography [2; 13—15], anti-reflection
coating [16] and storage media [17; 18] etc. Despite these industrial endeavors, each
with its own challenges [19], distinct hurdles remain that limit widespread usage of BCP
thin films in emerging technologies [20]. These hurdles include precise control over the
directed assembly, understanding the influence of nanostructure formation from
dynamics and processing protocols, elimination of defects and transformation of ordered
templates [19-22]. Another important issue is the effectiveness and reproducibility of
the processing of spin-coated block copolymer films towards targeted morphologies and

patterns.

Since the film preparation process usually introduces a metastable state of phase
separated structure to BCPs, further treatments to drive the BCP to an equilibrium state
are necessary. The self-assembly of BCPs is very sensitive to external fields and to
experimental conditions. Based on our experience, a tiny fluctuation of environment
temperature, humidity, solvent concentration or even solvent quality during the
annealing will cause unexpected final morphologies. So a controllable and reproducible

annealing process is a very important research topic.

Two popular annealing methods-solvent annealing [3; 23-25] and thermal annealing[26],
are widely used processing for inducing phase reorganization and enhancing the long

range order of BCPs. The thermal annealing is increasing the temperature higher than T,
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of BCPs and enhancing the chain mobility to achieve equilibrium morphology. When
the decomposition temperature is lower than T, or the window between T, and the
decomposition temperature (usually exists in large BCPs), thermal annealing is not a
good choice for this processing [27; 28]. The solvent annealing is introducing solvent
vapor molecules as plasticizer [29; 30] to decrease the T, of BCP down to RT, which is
an effective method to reorganize the phase separation. Meanwhile as a cooperated
factor, the temperature also influences y parameter [31], interface energy [32; 33] and
chain mobility [34]. The thermo-solvent annealing is used as a finely tuned processing
for self-assembly of BCPs through our work. The designation of our annealing system

and the factors influencing reproducibility and controllability are discussed in Chapter 3.

The use of self-assembly to obtain well-ordered structures is an attractive application of
BCPs due to the ease of accessing complex structures with small feature sizes. Since
Krausch et al. reported the ordered cylindrical structure of BCP via solvent evaporation
in 1999 [35], many preparations of ordered membrane from BCPs are investigated [36—
38]. Cyclic solvent vapor treatment is helpful for standing cylindrical structure of
asymmetric BCPs in film [39], so the exploration of new designed setup which can

provide cyclic solvent vapor and high vapor pressure is developed in Chapter 6.

¥, N and fj, are the three main parameters to control the final structure of diblock
copolymers in bulk, which cooperate to systematically influence the phase separation of
BCPs, where y -, N - is a product of Flory-Huggins parameter and polymerization of the
BCPs, and fj is a volume fraction of one of the blocks(shown in Figure 2). Besides the
phase separation, the high y value is also a critical parameter to reduce the roughness of
the micro domains [40] and to obtain ordered morphology with high dense features [15;
41; 42]. When the BCPs are in a confined geometry of a film, especially with thickness
comparable with several domain spacing or below, other factors such as film thickness
[43—45], surface properties of substrates [46; 47], and topography [48—51] of substrates
will strongly influence the morphology of the BCPs in films[52]. In this work the basic
influence of y is studied in Chapter 3. The influence of film thickness increasing from
under half-layer to above one-layer, and other factors like substrate properties and

solvent quality are discussed in Chapter 5.
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Block polymer systems usually contain only light molecules (C, H, O, N) leading to
small etching contrast between each micro domain. Block copolymers composed of poly
(2-vinylpyridine) (P2VP) which contain pyridine moieties as side chains, is a good
material to solve this problem. Till now they have been used in many applications [8;
53-56], for presence of an unshared electron pair on the nitrogen atom of the pyridine
ring and the resulting pH sensitivity [57-59]. With respect to nanolithography, the
convenience of loading metal ions to P2VP block makes this kind of BCPs widely used

as etching mask [60].

The phase separation of BCPs with low molecular weight has been well investigated in
recent years, but the phase behavior of large BCPs in films is still an empty space to
explore. The long molecular weight BCPs with characteristic lengths of larger than 100
nm, have potential applications in desalination technology [61] and in optics industry
[62]. Large BCPs have low chain mobility which causes high kinetics barriers for
morphology reorganization and unacceptable long time for thermal annealing [63; 64].
Furthermore, larger than 100 nm characteristic length of microdomains can cause more
complex phase behavior influenced by the interaction between film thickness and
substrates. The phase behavior of high molecular weight BCP with 390 kg/mol in films
with under half-layer thickness (~40 nm) under varied solvent vapor annealing

conditions are explored in Chapter 4.
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1 Introduction

1 Introduction

1.1. Physics and processing of block copolymers

Block copolymers (BCPs) consist of two or more covalently bound immiscible
components and construct microscopic liquid-like order and mesoscopic crystal-like
order structure. The microscopic structure is provided by the short-range repulsion from
the incompatibility of the monomers of different blocks. The macroscopic phase

separation is prohibited by the covalent bond between the blocks [65; 66].

The phase behavior of undiluted (bulk) (A-B), block copolymers is determined by three
experimentally controllable factors: the overall degree of polymerization N, the
composition f (overall volume fraction of the A component), and the A-B segment-

segment (Flory-Huggins) interaction parameter y [67].

1.1.1. Basic principles on the micro phase separation of block copolymers

e Polymer-polymer combined interaction parameter yN
Flory-Huggins parameter (y) also called polymer solvent interaction parameter was first
introduced to describe the interaction between solvent and polymer molecules in their
lattice model of polymer solutions by Flory and Huggins independently. Liquids with
the smallest ’s are usually the best solvents for a polymer. Negative values of y often
indicate strong polar attractions between polymer and solvent. As y is relative with CI)p'2
and T based on its definition [68—70], during our thermo-solvent annealing y is not a

constant value. So we introduce yc= % *®,, to describe the changing value.

N is the overall degree of polymerization of the block copolymer, which decides the
length of the polymer chain. The product yN controls the state of segregation [67].
When the diblock copolymer is symmetric, which means the volume fraction (f) of a

block is 0.5, the order and disorder transition occurs at the value of yN around 10.5.



1 Introduction

When yN <<10.5, entropic factors dominate the structure and diblock copolymers exist
in a spatially homogeneous state [71]. Increasing N or y shifts the free energy balance
until yN=10, a delicate balance exists between entropic and energetic effects [70].
Increasing N further induces the diblock copolymer from disordered state to ordered
state by a first-order transition [71; 72]. And the large N leads to sharper microdomain
boundaries as the number of A-B segment-segment contacts decrease at the expense of
additional chain stretching [70]. When at the limit situation yN>>10, energetic factors

dominate and the ordered microstructures are characterized by narrow interfaces and

nearly flat composition profiles [73; 74] (Figure 1).
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e — — > »
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Figure 1  Evolution of structure with the combined parameter yN for a symmetric, di-
block copolymer with f= 0.5. When ¥N~10, small variations in system entropy (~N"') or
energy (~y) leads to ordered (yN >10) or disordered (yN<10) states. A homo-generous
composition profile (4A versus r) results when entropic factors dominate (yN << 10),
whereas a strongly microphase segregated pattern characterizes the limit where energetic
factors prevail (yN > > 10). Reprinted from Reference [70].

e Effect of block copolymer volume composition

Self-consist mean field theory is developed to predict the behavior of block copolymers.
The theoretical phase diagram depending which describes the dependences of the

microphase separated structures in a diblock copolymer melt on the volume fraction f of

the block A and N is based on the balancing of the enthalpic interfacial energy between
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the blocks and the entropic chain stretching energy of the individual blocks (Figure 2)
[75]. As the N and the volume composition of a diblock copolymer change, the
structures including disordered, closely packed spherical (S.p), spherical (S), cylindrical
(C), and gyroid (G) and lamellar (L) are displayed in this diagram. The perforated
lamellar phase which is not addressed in the picture is believed to be a metastable state

between the G and L phases [75].

80
60 |
N
20+
B disordered
0.0 0.2 0.4 0.6 0.8 1.0
f

Figure2 A theoretical phase diagram for a conformationally symmetric diblock
copolymer melt. Reproduced from Reference [75] with permission from The Royal
Society of Chemistry.

The phase diagram of polyisoprene-polystyrene (PI-b-PS) diblock copolymer with the
composition of polyisoprene ranging from 0.24 to 0.82 has been studied near the order-
disorder transition point (ODT) by Bates et al. (in Figure 3). Five distinct
microstructures including spheres, hexagonally packed cylinders (HEX), lamellae
(LAM), hexagonally perforated layers (HPL), and a bicontinuous cubic phase having an

[a3d space group symmetry were observed in this system [76].
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Figure 3  Experimentally determined phase diagram of PI-b-PS. Reprinted from
Reference [76].

The feature size of BCPs can be described by equation derived from the mean-field
theory: Ly ~ N3 %"’ for symmetric diblock copolymer in a strong segregation limit (yN
>10.5) [66]. High-molecular-weight(large N) BCP can be used to get large periods
close to 100 nm [25; 77; 78]. And the BCPs with high Flory-Huggins interaction
parameter (y) is also used to achieve microphase separation with small interfacial widths

(t~ x” %) for minimal line edge roughness [66].

In our case the segregation strength (¥N) of the mainly used poly(styrene)-block-poly(2-
vinylpyridine) (PS-b-P2VP) (ysove = ~0.178 at T = 298 K) [79] with a high molecular
weight of 390 kg/mol is ~2089, much higher than the weak-strong transition limit 10.5
[80]. However the low diffusion of BCP with high molecular weight also causes [81]the

low chain mobility, which is the challenge to reorganize the phase separation.

1.1.2. Phase behavior of block copolymers in thin films
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When the film thickness decreases to the range of domain spacing, the phase separation
behavior of films is also influenced by additional energetic factors. Typically, the block
with the lowest surface energy collects at the film surface, and the block with the lowest
interfacial energy is attracted to the supporting substrate. Furthermore, the wetting
conditions of substrates, which confine the film structure relative with its thickness, can
cause the thin-film structure to deviate from that of the corresponding bulk material.
Figure 4a, b presents the sketches of symmetric block copolymer with surface energy of
S2 and interfacial energy Slin the cross-section of a film in equilibrium state. Under
symmetric wetting conditions the preferred film thickness is nL,, while under
asymmetric wetting conditions the preferred thickness is (n+1/2)Ly. In Figure 4a, b

presents the possibility of morphology of thin films with thickness decreasing from L.

So the phase separation behavior of thin block copolymer in films is more complex and

more various than in the bulk [82].

(a) (b)

S2
—A Sy
(c)
FL AFL AHY
Lo/2

e
% u K THE 0
HL HY PL

Figure4  Diblock copolymer thin film morphologies. (a) Schematic representation of
volume symmetric diblock with A (light) and B (dark) type segments. (b) Diagram of
BCP film system in cross section indicating the bottom (1) and top (2) surfaces, with
surface interaction energies S1 and S2, respectively. (¢) Summary of diblock thin film
morphologies, generally organized by their appearance as film thickness decreases from
Lo. These calculated cross sections indicate the density of B-type segments, i.c.,
Black=100% B, white=100% A. These structures are referred to in the text with the
abbreviations included under each diagram. FL: symmetric surface-parallel full lamella;
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AFL: anti-symmetric surface-parallel lamella; AHY: anti-symmetric hybrid structure;

HL: half-lamella; HY: symmetric hybrid structure; PL: surface-perpendicular lamellae.

Reprinted from Reference [83]

e Effect of finite film thickness

The combined confinement allotted by the surface/interfacial energies and film thickness
is systematically analyzed by Knoll et al. in elegant experiments [47; 84]. The example
in Figure 5 presents various morphologies: featureless wetting layer at the smallest
thickness; standing cylinder; parallel-orientated cylinder; perforated lamella etc. of the

polystyrene-b-polybutadiene (PS-b-PB) film present as the film thickness increases.

c
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Figure 5  (a) Nanopattern revolution of the block copolymer thin film of PS-b-PB and the
SFM phase image of SB morphology. The SFM phase images (1 X 1 um) present
examples of the surface structures on carbon-coated (left) and silicon oxide (right)
substrates at the indicated film thickness. Reprinted from Reference [84].

e Wetting conditions

The wetting conditions and the energetic/chemical surface also affected the morphology
in thin films. A strongly interacting interface attracts one of the blocks selectively; the
enriched block at interface affects the morphology as a result. A weakly interacting
interface attracts none of the blocks to a significant extent and has been shown to favor
the vertical orientation of lamella [47]. Figure 6 presents the morphology of PS-PB thin
films on strongly interactive substrates (SiO4/Si) and weakly interacting substrates

(Carbon/SiOy/Si).

-14-



1 Introduction
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Figure 6  Phase diagram of the surface structures on a weakly interacting surface (carbon
coating) under strong surface field with a preference for the majority component (silicon
oxide). The SFM phase images (1 x 1 um) present examples of the surface structures on
carbon-coated (left) and silicon oxide (right) substrates at the indicated film thickness.

Reprinted from Reference [47].

1.1.3. Directed self-assembly technology (DSA)

Directed self-assembly (DSA) is the process by which external factors, such as physical
templates and/or fields, influence the thermodynamic of self-assembly of block
copolymers towards defect-free uni-axial orientation [85]. This method can enforce a
single preferred orientation along the topographic features at the substrate and have been

demonstrated to yield large-scale microphases with lower defect densities [21; 85; 86]
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than other reported strategies towards long-range orientation [87]. Also DSA patterns
may achieve smaller features than their lithographic templates through pattern
multiplication. This gives a potential possibility to DSA as an effective process to
produce sub-10 nm scale templates with highly dense features for semiconductor

industry.

DSA mainly uses either chemoepitaxy (chemical patterns) [88; 89] or graphoepitaxy
(topographic features) [90] pre-patterning to guide the self-assembly of BCP. The
illustration and the corresponding examples are shown in Figure 7. For example in
chemoepitaxy the chemical modification of substrates into hydrophilic and hydrophobic
patterns can induce the phase separation of BCP into similar patterns [91]. Some
previous efforts have demonstrated the generation of periodic patterns of parallel lines
(perpendicular lamellae, parallel cylinders) [48; 92; 93] and close-packed dots
(perpendicular cylinders, spheres) [94; 41; 95] using topographic guiding patterns [21].

Recently grating substrates have been employed to direct self-assembly of BCP in a
facile and low-cost route to fabricate dense, highly ordered thin films [96]. More recent
Park and Tsarkova et al. reported using SiCN substrates with 3D sinusoidal surface-
relief gratings to induce hierarchical structure of polystyrene-b-poly(2-vinylpyridine)

[50].
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Epitaxial Self-Assembly

(a (b) '
ﬂlﬂm |
= |
\
I 750 nm
Lithographically determined Epitaxial self-assembled Lamellar patterns
dense chemical pre-pattern BCP nanopatterns by epitaxial self-assembly
Graphoepitaxy
(c) (d)
l l
Lithographically pre-patterned Graphoepitaxially assembled Lamellar patterns
topographical features BCP nanopatterns by graphoepitaxy

Figure 7 (a) Schematic illustration of epitaxial self-assembly exploiting nanoscopic
chemical patterns to direct BCP self-assembly [97]. (b) SEM image showing defect-free
lamellar patterns attained by epitaxial self-assembly [97]. (¢) Schematic illustration of
graphoepitaxy utilizing topographic pattern to direct BCP assembly [98]. (d) SEM image
showing highly aligned lamellar patterns prepared by graphoepitaxy [99]. Reprinted
from Reference [86] with permission from Elsevier.

1.2. Processing of thin films

1.2.1. Equilibrium states of polymer blends

The thermodynamic equilibrium state is the system with the minimum free energy. The

free energy of mixing for a polymer blend is shown in equation:
o ¢ 1-¢ :
AF i = kT N_ln ¢+ N In(1—¢) + x(1 — @) (Equation 1)
A B

Straight lines connecting the phase two compositions determined the free energy of the

phase separated state. So the phase boundary is determined by the common tangent of
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the free energy at the compositions ¢ and ¢ (in the top plot of Figure 8) corresponding

to the two equilibrium phases:

OAF i OAF i
( mlx) — ( mix (Equation 2)

06 Jp_gr \ 00 )¢=¢”

The solution (y(¢)) to the above equation is the phase boundary- the bimodal, which
coincides with the coexistence curve (green line in bottom plot of Figure 8). Any overall
composition at temperature T within the miscibility gap defined by the bimodal has its
minimum free energy in a phase-separated state with the compositions given by the two

coexistence curve compositions ¢ and ¢ [100].

The inflection points in the plot of free energy Aﬁmix (¢) can be found when the second
derivative of the equation is zero. This curve is the boundary between unstable and
metastable regions and is called spinodal (blue dash curve in bottom plot of Figure 8).
Any small fluctuations in composition will cause free energy lower, thus the phase

separation happens spontaneously within the spinodal gap.
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Figure 8  Composition dependence of the free energy of mixing for a symmetric polymer
blend with the product yN=2.7 (top figure) and the corresponding phase diagram
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(bottom figure). Binodal (solid curve) and spinodal (dashed curve) are shown on the
phase diagram. Reprinted from Reference [100].

1.2.2. Equilibration of polymer films by thermal annealing

In many practical applications, the thin films of block copolymer are prepared by rapid
extraction of a solvent, e.g. spin-coating technique in semiconductor industry. Due to the
immiscibility of the blocks, block copolymers typically demix during the rapid solvent-
casting process [101-103]. The resulting phase separation morphology may be far away
from thermodynamic equilibrium, for the process is influenced by many factors like the
confinement of two surfaces [104], the casting solution [105; 106], and solvent
evaporation rate [107; 108]. The relaxation toward equilibrium may be hindered by
kinetic barriers formed by the non-equilibrium morphology [102; 109]. The
spontaneously procedure of thermal annealing, solvent annealing at room temperature or
solvent annealing at an elevated temperature can increase the mobility of polymer chain
allowing for a rearrangement of phase separation and the annihilation of defects [110;

27].

The temperature influences the block copolymer properties related to polymer chain
mobility, including diffusivity [111] and viscosity [112], and that, at accessible
temperatures, mobility is such that the directed assembly of useful morphologies can
occur in minutes or even seconds. Nealey et al. demonstrated that increasing the
annealing temperature from 190 °C to 250 °C can decrease the annealing time from 7
days to 15 min within the same system [113]. Thermal annealing is a widely used
method to provide additional energy for overcoming the activation barrier for defect
annihilation and also increase defect mobility [114]. Raybin and Sibener reported the
process of defect annihilation with energetic barrier of 360 = 80 kJ/mol from

210230 °C under thermal annealing on chemically patterned substrates[87].

Thermal annealing can be used not only to reduce the kinetic barriers, but also to
achieve the non-preferential boundary condition [115]. Gopalan et al. reported that an

effectively neutral free surface can be created in the PS-b-PMMA system by annealing
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films between =~ 170 ° C to 230 ° C, where the block surface tensions are

approximately equal (in Figure 9)[116].

45nm

54nm 76nm 109nm 175nm

PG4
-50

PG4
61

PG4

Figure 9  Top view SEM images of assembled BCP films of five different thicknesses on
PG4-modified substrates (annealed at 190 °C). Reprinted from Reference [116].

1.2.3. Solvent vapor annealing of polymer films

As it is mentioned above, block copolymer can form at thermal equilibrium state in a
variety of ordered microdomain morphologies [117-119]. In some cases the thermal
equilibrium can be simply achieved by vacuum annealing the samples above the glass-
transition temperature. But in many complex copolymer systems, the temperature gap
between T, of polymers and their thermal decomposition temperatures is very narrow
that is not sufficient to achieve thermodynamic equilibrium in reasonable annealing time
[120] [121]. Especially for BCP with high N, the thermal annealing has a drawback of
unacceptably long reorganized time even at temperature higher than the glass transition
temperature (T,) [49]. To address this issue, solvent vapor annealing (SVA) is an

attractive alternative to thermal annealing [3; 52; 122; 123].

According to the review of Albert et al. [52], exposure of a polymer film to solvent
vapors serves multiple purposes during annealing process, including establishing surface

preferentiality [124—-126], decreasing T, (increasing polymer chain mobility) [104; 107;
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127], changing domain spacing [84; 126; 128], affecting y.¢ parameters and the relative
volume fractions [104; 123; 129], which may lead to undesirable surface interactions or

wetting conditions [122; 130-132].

e Brief review on reported setups for SVA
The simplest setup to carry out solvent annealing is a sealed chamber containing solvent
reservoir and the BCP sample is treated in this environment at room temperature without
more control (in Figure 10B-a) [102; 133—135]. Park and Choi et al enhanced the
kinetics of PS-PDMS by binary solvent annealing in this kind of apparatus [136]. The
final degree of swelling and the speed of swelling is critical for the reproducibility of
phase separation, and since the solvent vapor pressure is sensitive to humidity and
environment temperature, so an in situ analysis and the control of solvent vapor are
realized by introducing film thickness monitor such as ellipsometry or GISAXS and the
control of solvent vapor flow and temperature (in Figure 10B-c) [121; 137-140]. The
degree of swelling is very sensitive to the temperature of environment and of the
polymer in a film, so the swelling factor is a critical parameter to control the phase
separation. Jin et al. improved the setup with automatic controlling of the vapor flow
based on the feedback signal of film thickness to remain the degree of swelling at a
constant level (in Figure 10B-b) [141]. Evaporation rate of solvent from the film from
swollen state to a dry state is also an important factor to influence the final morphology.
Nelson et al. controlled the annealing system by computer and pneumatically actuated

valves to achieve the precision of annealing time to the range of millisecond [142].
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Figure 10  Sketches of primary methods of solvent vapor annealing in A, with (a) static
annealing, (b) static annealing with gas flow to control swelling and deswelling process,
(c) dynamic annealing with controlled solvent vapor flow. Examples of the annealing
setups used in current researches in B, (a) static annealing with in situ monitor for film
thickness, (b) dynamic annealing with controlled feedback loop [141], (¢) dynamic
annealing with controlled mixture of solvent [138], (d) dynamic annealing with highly
precise controlling of annealing time. Reproduced from Reference [138; 141; 142].
e Effect of the nature of the annealing solvent
In SVA the first and foremost factor to consider is the selection of solvent. The most
common solvent used for SVA of block polymers is one that is either neutral or only
slightly selective for one of the blocks [3]. The selectivity of solvent not only is related
to the volume fraction of the bulk mixture of block copolymer and solvent, but also

confines the interfacial phenomena of both the solution/vapor and solution/substrate.
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Xuan et al. compared the morphologies of ultrathin films of poly(styrene-b-methyl
methacrylate) (PS-PMMA) annealed by various solvents like acetone and chloroform
(selective to PMMA), toluene and carbon disulfide (selective to PS), with changeable
surface preference during solvent uptake [125]. Gotrik and Ross reported a framework
for predicting the range of morphologies available under different solvent vapor

conditions including different proportion of the two-solvent mixture [143].

e Annealing time

Annealing time is a commonly reported factor in researches of phase separation of block
copolymers. This factor is related to the swollen state of block copolymer during
annealing. If the saturation of the solvent vapor in the atmosphere provides high
swelling conditions, so that the block copolymer is in a disordered state due to high
solvent concentration in the film, the further annealing should have no influence, the
final morphology will be entirely driven by the solvent evaporation step [3]. The
annealing time depending morphology is verified by Vayer and Hillmyer et al. [144].
And the ordered swollen state is observed by in situ GISAXS for poly(styrene)-b-
poly(lactide) block polymers by Sinturel and Amenitsch et al [145].

e Degree of swelling of polymer films under SVA

The degree of swelling of block copolymer in films depends on the vapor pressure of the
solvent in the annealing chamber, temperatures of the substrate and of the atmosphere,
as well as on the solvent selectivity towards block copolymer components. This factor is
also very important to affect the swollen morphology of the block copolymer, since it is
an indicator of the effective interaction parameter (.f) and the chain mobility. To
access the morphology in swollen state of block copolymer, in situ GISAXS
measurements can provide valuable and powerful results allowing the understanding of
the whole solvent vapor annealing process. Paik et al. studied SVA process of poly(a-
methyl styrene)-b-poly(4-hydroxystyrene) block polymer thin films by in situ GISAXS
allowing assessment of the swollen state [146]. In their study the morphological
reorganization (original perpendicular oriented cylinders turn to be parallel) only

happened in enough content of solvent with rapid removal of the solvent. And the
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morphology of dry films can be reversibly switched by acetone vapor treatment with

higher selectivity (in Figure 11).
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Figure 11 Reversible morphology control through solvent processing as probed in sifu and
in real time with GISAXS. Thin films with spherical morphology obtained through
acetone vapor treatment are shown to transition to parallel cylinders upon THF vapor
annealing and returned to a spherical morphology upon successive exposure to acetone
vapor. Reprinted from Reference [146].

e Effect of the rate of solvent removal on the structure formation
Solvent evaporation is a strong, highly directional field which can induce both the
oriented and lateral ordering of the micro domain arrangement such as electric fields
[147], shear [148], temperature gradients [149], graphoepitaxy [50; 150; 151],

chemically patterned substrates [152; 153], and other external fields. Since Kim and
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Libera first found the evaporation rate of solvent can influence the final morphology of
block copolymer in films from casting solution [102], the amount of researches about
the relative conditions is grown up. Kim et al. first reported that by controlling the rate
of solvent evaporation or solvent annealing, ordering of the copolymer is induced at the
surface, and this ordering propagates through the entire film (in Figure 12) [107]. Based
on this cylinder forming phenomenon Peinemann and Abetz explained the mechanism of
the membrane formation from asymmetric block copolymer by non-solvent induced

phase separation method (see below) [154].

Also, Albert et al. systematically examined the effect of solvent removal rate on the final
thin film morphology of a cylinder-forming ABA triblock copolymer [155]. Through
simulation study Hao et al. found that perpendicular cylinder morphology tends to form
under weak surface preference, whereas under strong surface preference this
morphology is promoted by the fast solvent evaporation rate and the strong solvent
selectivity [156]. Making use of the deswelling vapor field, Paradiso et al. performed
simulations to investigate a new approach to bias the formation of vertically oriented

features in block copolymer thin films by cyclic solvent vapor annealing [157].

Solvent
Evaporation

0s

DISORDERED ORDERED

Figure 12 Schematic view of the solvent evaporation in a thin block polymer film
illustrating the concept on an ordering front that propagates through the film. Reprinted
from Reference [107].
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1.3. Non-solvent induced phase inversion

As a widespread commercial method for preparing membrane, non-solvent induced
phase separation has been studied for more than fifty years. Phase inversion techniques
are among the most important and commonly used processes for preparing membranes
from a large number of polymeric building blocks. The preparation process is usually
casting dense polymer solution from a good solvent on a porous mechanical support (e.g.
nonwoven), then the wet film and support are immersed into a coagulation bath
containing at least a poor solvent. The polymer film solidifies through exchange of

solvent and non-solvent, where the solvent and non-solvent system needs to be miscible

[158; 159].

The pore structure is generated by phase separation. After immersion into the non-
solvent bath, the solvent-nonsolvent exchange (demixing) brings the initial
thermodynamically stable system into a condition for which the minimum Gibb’s free
energy is attained by separating into two coexisting phases [12]. An explanation of
macrovoid formation is provided by McKelvey and Koros that the rapidly moving front
of non-solvent during the exchange process must be considered (Figure 13). If the non-
solvent diffusion rate into the polymer-poor phase being formed exceeds the rate of

outward solvent diffusion, the macrovoid formation is favored [160].

moving front moving front

—ip

\J/

.
-

non-solvent

Increasing wall

plasticization
e

Figure 13 Nonisotropic nucleus growth during macrovoid formation in membranes.
Reprinted from Book [161].
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In Figure 14 a simple mechanism of pore formation process and respective diagram of
phase separation are shown. The critical point of different mechanisms is how the
system goes into the unstable region. If it first goes to a metastable condition (Path A),
the nucleation and growth mechanism (NG) is favored. If the system crosses the critical
point, going directly into the unstable region (Path B), spinodal decomposition (SD)

predominates.

Path A

Polymer

Solvent Non-solvent

Figure 14 Mechanism of phase separation during membrane formation. Reprinted from
Book [161].

As the sketch in Figure 15 shows, the slow solvent-nonsolvent exchange causes the
demixing delayed and guides the sponge-like structure. If the demixing happens
instantaneously, which means the polymer precipitates and a solid film is formed very

rapidly after immersion in the non-solvent bath, finger-like macrovoid will be generated.
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Nonsolvent Nonsolvent
(low miscibility with solvent) (high miscibility with solvent)

Slow solvent-nonsolvent
exchange exchange

Fast solvent-nonsolvent

l
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Figure 15 Different membrane morphologies caused of different types of demixing.
Reprinted from Reference [162].

Sponge-like morphology

The key factors including the solvent type, polymer type and concentration, nonsolvent
system type and composition, additives to the polymer solution, and film casting
conditions can influence the membrane preparation [162]. More studies in details can be

found in reference [162].

The membrane preparation by non-solvent induced phase separation applied on block
copolymer in films is firstly realized by Peinemann et al. in 2007 [154]. In their report
asymmetric PS-P4VP creates an integral asymmetric membrane with a highly ordered
layer on top of a non-ordered sponge-like layer via one-step phase separation. As the
two blocks have different hydrophilicity, in the pore formation process the non-solvent
(water) first selects and exchanges with solvent in P4VP block and then PS block. The
pore formation is guided by the more compatible component (P4VP) to the non-solvent.
The solvent from the swollen PS matrix diffuses more easily to the channel walls rather

than to the top surface.

The major problem in this process is the lack of sufficient long-range order and the

difficulty of up-scaling due to the time-consuming preparation steps. The standing
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cylinder structure exists at the surface of solution-cast asymmetric BCP films due to the
gradient polymer concentration directly through the film is reported by Russell et al in
2004 [107]. The fast solvent evaporation can induce the cylinder vertically standing to

the film surface is demonstrate by Jung and Abetz in 2012 [163].
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2 Materials and Methods

2.1. Materials

Poly (styrene-2-vinyl pyridine) (SV°°) with a total molecular weight of M, = 99 kg/mol
and a volume fraction of PS block of 0.56 was synthesized by sequential living anionic
polymerization (polydispersity index 1.05). The characteristic lamella spacing Ly in bulk
is about 47.2 nm [137].

Poly (styrene-2-vinyl pyridine) (SV*°) with a total molecular weight of M, = 390
kg/mol and a volume fraction of polystyrene block of 0.48 is synthesized by other group.
The volume fraction was checked by GPC. The degree of polymerization is 3731 and the
interaction parameter () is about 0.178 at room temperature [164], which leads to high
segregation strength (YN = 664) with characteristic spacing in bulk of ~117 nm. The
high segregation strength results a high order-disorder transition temperature, low

diffusivity and low kinetics of reorganization [165].

Poly (styrene-block-methyl methacrylate) (SM) with a total molecular weight of M,, =
50 kg/mol and a volume fraction of polystyrene block of 0.5 is synthesized by other

group.

Polystyrene-block-polybutadiene (SB) with a total molecular weight of M, = 47.3
kg/mol and a volume fraction of polystyrene block of 0.29 is pursued from Polymer

Source Inc. and used as received.

Polystyrene (PS) with a molecular weight of M, = 184 kg/mol from Polymer Standards
Service Inc. and used as received. Poly (2vinyl pyridine) (P2VP) with a molecular

weight of M,, = 105 kg/mol synthesized by anionic polymerization.

The solvent including toluene, chloroform, DMF, THF, ethanol with purity of >99.8%
(<50 ppm H20) is from Carl Roth GmbH. The boiling point of the solvent like toluene,
chloroform and DMF is 110.6 °C, 61.15 °C and 153 °C [166].
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P-type Si wafer was purchased from Crys Tech with ~2 nm SiO4 layer in air

environment.

Na,PtCly” xH,O for metallization of BCP templates was purchased from Sigma-Aldrich.

2.2. Film preparation

2.2.1. Preparation of the substrates

Si substrates are used as small pieces with lem xlcm size after rinsing in toluene
solvent for 12 h with further snow-jet treatment and air plasma cleaning. The snow-jet is
carbon dioxide crystal from high pressure bottle acting as solid medium to remove dusts
from the surface of silicon wafers. In this treatment we put the silicon wafer on the
preheated plate with temperature of 200 °C, and then blew it with the fast-speed carbon
dioxide flow. In this case the crystal evaporates very fast without residual print on
substrates. The air plasma was applied using Plasma Flecto 10 (Plasma Technology

Company) at a power of 100 W for 60 s with air pressure of 0.2 mbar.

Carbon covered substrates are prepared by PVD of carbon on clean silicon substrates

with thickness of ~6 nm.

Hard mask (HM) substrates are prepared by spin-coating the solution (HM8006-8)
purchased from JSR Micro at 5000 rpm on clean silicon substrates. The coating is then

cured on a hot plate at 225 °C for 90 s, resulting in ~50 nm thick hard mask films [167].

2.2.2. Spin-coating

Polymer films have been prepared by spin-coating from polymer solutions on freshly
cleaned substrates. Usually a filtration of the dissolved polymer solution after keeping it

still in refrigerator for 12 h is needed for preparation of the polymer solution.

SV** films with varying thickness were prepared from toluene, chloroform and DMF
solutions by spin-coating. Film thickness as a function of the solution concentration, also

influenced by spin-coating conditions (rotational speed) is presented in Figure 16. The
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acceleration of the rotational speed is set as 2k rpm/min in order to arrive at the targeted

rotational speed fast.
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Figure 16  Film thickness of SV** films prepared from solutions in Toluene and DMF as a
function of the polymer concentration in spin-cast solution with constant acceleration of
2k rpm/min. The influences to the film thickness from spin-coating condition (rotational
speed) are also displayed in the plot, as indicated by symbols. Notation Nk corresponds
to N thousands rounds per minute.

BCP films (SV**°, SV*°) and homopolymer in films (PS'™, P2VP'®) from chloroform
solution were prepared with small acceleration of 600 rpm/min which is required to
compensate low boiling point of chloroform. The high acceleration will cause un-
homogenous spin-cast films with wave-like thickness. The film thicknesses of SV>*° and
SV* studied in this thesis are shown in Figure 17(a) as a function of the polymer
concentration in spin-cast solutions. The rotational speed of spin-coating from
chloroform solution does not affect the film thickness as much as it does from toluene
solution. This difference can be attributed to a slower evaporation rate of toluene as
compared to that of chloroform, so that presumably films from chloroform solution get
dry before the final rotational speed is reached. The higher molecular weight of BCP
causes a thicker film when all the other spin-coating conditions are same, indicating a
crucial effect of the viscosity of the solution on this procedure. The spin-coating
conditions (polymer concentration and rotational speed) and the prepared film thickness

of homopolymer PS'* and P2VP'®® are provided in Figure 17(b).
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Figure 17  Film thickness of (a) SV** and SV*, (b) PS184, P2VP105 films prepared from
chloroform solutions as a function of the spin-cast solution concentration. The

comparison between different spin-coating conditions (rotational speeds) is displayed in
(a), were notation Nk corresponds to N thousands rounds per minute.

2.2.3. Residual solvent elimination

Then all the films were moved into RT vacuum oven for 12 h to remove residual

solution.

2.2.4. Drop-casing procedure

To prepare the polymer in films with thickness of several micrometers the polymer

solution is dropped on tilted substrates and the solvent slowly moves out of the solution.
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2.2.5. Floating of the films

To check the bottom morphology of BCP films, the films on silicon substrate are floated
by inserting the samples in NaOH solution with concentration of 1mM. For the SiOy
layer between the polymer film and the silicon substrate can react with OH™ , the
polymer film will be peeled off from the substrate and float at the solution surface. The
film was then caught flipped up by another clean silicon substrate from top of the

surface, and then rinsed in deionized water twice.

After preparation the films were moved into RT vacuum oven for 12 h to remove

residual solvent.

2.2.6. Metallization of the microphase separated patterns

Pt ions are loaded to P2VP blocks by dropping the Na,PtCly 1% HCI solution with
concentration of 5 mM on SV templates. P2VP blocks become protonated carrying
positive charges in acidic environment, so the anions (negatively charged Pt ions) are
then attracted to the cationic P2VP blocks and become embedded in these blocks [168].
The polymer is removed by oxygen plasma under 0.2 mbar at 80 W for 90 s leaving Pt

nanostructure in the shape of what it was as the P2VP blocks on a substrate [169].

2.3. Film processing via thermo-solvent annealing

Since thermo-solvent annealing is an important part of the research of the present Thesis,

all the details of annealing process are presented in Chapter 3

The technical details are the following. The flow controllers were Multi Gas Controller

647C from MKS Instruments, Inc.

The thermostats are from Julabo GmbH in type FH-32. It was established that the
temperature of the circulating water is 2 °C lower than the value shown on the screen of

the thermostat.
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2.4. Film characterization

Polymer volume fraction in the swollen film ®, is calculated as hg/hs, where dry and
swollen films were measured by in situ ellipsometry as homogeneous film. Polymer
volume fraction is a critical parameter for calculating . of BCP during solvent
annealing, for the solvent adsorption of BCP will affect y value a lot and ycfr = =Dy 1s

introduced to describe the new interaction between blocks.

Degree of swelling (D) is a reciprocal of ®,,. In the modulate curve of BCP films, degree

of swelling is an important parameter for kinetics analysis of BCP swelling.

2.4.1. Ellipsometry

The incidence angle of ellipsometry (OMT Imaging) was set at 70° and the thickness
was simulated by Cauchy model in spectral range from 450 nm to 800 nm with VisuEI

software 3.8.

Another single wavelength (632.8 nm) ellipsometry instrument - The Multiskop from
Optrel GbR. with program Elli (3.2 version) was also used for film thickness

measurement at 70°incidence angles.

e Theory
Ellipsometry is a non-destructive optical technique (the near-UV, visible and near-IR
wavelength ranges) relying on the changes in the polarization state of light induced by
reflection from the surface of a sample. In a typical ellipsometry system shown in Figure
18, the incident is polarized by passing through a polarizer between the light source and
the sample. After reflection the change in polarization state is measured by a second

polarizer coupled with a detector, the analyzer.
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Linear Elliptic
polarization polarization

Figure 18 Schematics of ellipsometric measurement principle. Copyright of Reference
[170].

The reflected light polarization state can be described in terms of the two angles: psi (V)
and delta (A), where ¥ represents the angle determined from the amplitude ratio
between p- and s-polarizations, while the A represents the phase difference the two
components. These values are related to the ratio of Fresnel reflection coefficients r, and
15 for p- and s- polarized light, respectively shown in Equation 3. The polarization state
of the reflected light depends on the angle of incidence, 6, the thicknesses of the (m-1)
layers, h, and the complex refractive indices (N = n+ik) of all of these layers, the
ambient (Np), and the substrate (N,,). This signifies the richness of information

contained in the probing light [171].

, T
tan(ql) ) elA = r_p = p(No, Nll Nm, hl' hm_l, 00) (Equatlon 3)

N

The main three advantages of ellipsometry over simple intensity-based reflection or
transmission measurement are precision, sensitivity and information [172]. As the
change in polarization state is defined by a ratio, ellipsometry can remain accuracy
without measuring ‘absolute’ intensity of the measurement beam. For an optically
uniform and transparent polymer film on a polished silicon wafer this translates into a
precision [171]. The phase information contained in A parameter enhanced sensitivity of
ellipsometry to ultra-thin films, even down to the sub- nm thickness level [172]. For
single-wavelength ellipsometry, a single pair of ¥ and A can be measured at one

incident angle, which means at maximum two parameters can be simultaneously
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determined from the measurement. For spectroscopy ellipsometry, a pair of ¥ and A can
be generated for each employed wavelength, so consequently, the number of sample
parameters that can be independently determined increases significantly. The high
accuracy, precision and sensitivity of the ellipsometry measurement make it powerful

for optical characterization of thin films.

e [n-situ ellipsometry

In-situ ellipsometry provides a possibility of dynamic measurement to monitor the
changes of film properties like thickness and refractive index during the annealing
process in our case. The annealing in our work is done in near-atmosphere pressure with
an air-tight chamber set to contain samples in ambient of gas or liquid (details and
pictures of chamber are presented in Figure 24). The glass windows of the chamber need
be transparent in the range of measurement wavelength and optically isotropic. We
choose the incident angle of 70 °C duo to it is close to the Brewster angle of crystalline
silicon substrate (74.9° ~78.6° depending on the wavelength from 427.5 nm to 774.9 nm
[173]) and is not far from the Brewster angle of polymer (54.5~58.0 from refractive
index 1.4 ~ 1.6 [174]). The windows of the chamber need to be perpendicular to the
incident light.

e Model used to evaluate the ellipsometic data
In this work the samples are mainly polymer material in films with thickness between 20
nm to 200 nm on polished silicon substrates with top oxide layer of ~2 nm. When light
enters such a sample it reflects and transmits at each of the interfaces, Figure 19. The
rays leaving the sample interfere with each other and produce spectral oscillations in ¥

and A [171].

-38-



2 Materials and Methods

Figure 19 Interference within a transparent thin film. Copyright of Reference [171].

The Cauchy relation (Equation 4) m well the optical features like thickness, refractive
index and optical dispersion etc. of polymer in films thinner than 500 nm, for polymeric
materials are mostly simple transparent dielectrics [175]. For the sample with terraces
morphology, the ellipsometry measurement gives the average thickness over the

measured area [176].

B C
n() =4+ = + I (Equation 4)

2.4.2. Scanning force microscopy

Surficial images were measured by scanning force microscopy (SFM), Bruker

Dimension Icon, in tapping mode and analyzed by Nanoscope Analysis software.

Scanning force Microscopy (SFM) is a brunch of Scanning Tunneling Microscopy
(STM) whose investigator earned the Nobel Prize for Physics in 1986, was invested by
Binnig et al. in 1896 [177]. In contrast to STM, which senses the tunneling current, the
SFM senses forces between the tip and the sample [178], which makes the measuring of
insulting samples possible. Comparison with other imaging methods like SEM, TEM
and Optical Microscopy, the major advantages of SFM is its high resolution (XY
direction of 1 nm, Z direction of 0.1 nm) and its non-destructive testing (free of beam
irradiation). SFM has been applied in a wide range of disciplines of the natural science
including polymer chemistry[179-182], surface chemistry [183; 184], molecular biology
[185; 186], cell biology [187], solid-state physics and so on from aspects of force
measurement[ 188], imaging[185; 186; 189—-191] and manipulations[192-196]. When it
focused on polymer chemistry[197-199], SFM is used for investigating surface
topography, surface lattices, conformational and chain order, crystalline order,
orientation and morphology and last but not least mechanical properties like elastic

modulus and adhesion [200].

-39-



2 Materials and Methods

e Setup and Feedback Loop
In SFM the scanning probe is consisted with the cantilever and a sharp tip at the end.

The dimension of the tip is typically less than Spum tall and less than 10 nm in diameter.
The feedback loop is presented in Figure 20(a). The photodiode detector measures the
deflection of a tip which is magnified by the laser light to map the surface topography.
The force between a tip and a sample is presented in Figure 20(b) when the tip is
brought proximity to the sample surface. This force can be calculated from the
deflection of the cantilever based on Hooke's law [201]. Based on this principle, the
forces can be measured by SFM including mechanical contact force, van der Waals

forces, capillary forces, chemical bonding, electrostatic forces, magnetic forces, etc.

a) Laser beam b)

.
>

Photodiode
detector &/

FORCE

repulsive force

x no tip deflection

0 ’b'o-_—__
<
< ob attractive force
© &
Piezo-electric .
scanner TIP-SAMPLE SEPARATION

Figure 20  (a) Scheme of depicting feedback loops in XY and Z to create an SFM image.
(b)The force related with distance between the approaching tip and the sample.
Reprinted from Ref [202]

e Tip issues
The image quality from SFM is influenced by a number of factors and the tip is a critical
one as the SFM image is a result of the interaction of the probe tip with the surface
topography. In our case the radius of curvature of the tip is a factor should be considered
for the details of BCP morphology which is in range of nanometer. As the scheme (in
Figure 21) shows, the smaller the radius curvature is the more delicate features can be

scanned, especially when the feature has a high aspect ratio of depth and width.
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Figure 21 Effect of tip radius.

e Tapping Mode
Tapping mode is the most commonly used SFM mode for its high lateral resolution and
minimization of contact and lateral forces between the tip and sample [203], which is

important for reproducing images in the study of delicate proteins and polymer.

During measurement the cantilever is driven to oscillate at or a little smaller than its
resonance frequency. The oscillation amplitude of cantilever changes as the sample
topography changes. The topography image is obtained by monitoring this amplitude
change. Phase imaging is a secondary mode of Tapping Mode, which is based on the
phase difference between the cantilever oscillation and its drive signal. Phase imaging is
usually used in qualitative analysis of surface mechanical properties, for it is very
sensitive to both the short and long-range of sample-tip interaction. Sometimes phase

imaging can even test the difference of mechanical property under surficial layer.

e Peak Force Mode
PeakForce Tapping operates similarly to Tapping Mode in that it avoids lateral forces by

intermittently contacting the sample[204]. But its oscillation is far below the cantilever
resonant frequency, the vertical motion of the cantilever using the (main) Z piezo
element and relies on peak force for feedback. Peak interaction force and nanoscale

material property information is collected for each individual tap[205].

PeakForce Tapping mode can quantitate the mechanical properties. The plot of Force vs.

Time is displayed in Figure 22(a) where the blue curve indicates approaching process
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and the red curve indicates withdraw process. Depending on the Z-position this plot is
transferred in plot of Force vs. Distance shown in Figure 22(b), which provides
information about the peak interaction force for analyzing the mechanical properties of
the sample. Deformation usually is not negative and the softer sample has the higher

deformation, which is the opposite of modulus.
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Figure 22 Scheme of Force vs. Tip-sample separation of PeakForce mode and the typical
images obtained by this mode. Reprinted from Ref [206].

Dimension FastScan and Dimension Icon from Bruker Corporation are used for SFM
measurement in this thesis. Tips in type of OTESPA with spring constant of 42 N/m and
initial frequency of 270-349 N/m are used in Tapping Mode. Tips in type ScanAnsyst-
Air with initial frequency of 70 kHz and small spring constant of 0.4 N/m are used in

Peak Force Mode.

2.4.3. Optical Microscopy

Axioplan 2 imaging microscope from Zeiss is used for micrometer range morphologies
like terracing and dewetting. These two kinds of morphology usually exist after

annealing of long time or high degree of swelling.

2.4.4. Other imaging techniques

Field Emission Scanning Electron Microscopy (FE-SEM) (HITACHI S-4800) at an

operating voltage of 3 kV is used for characterizing Pt network after metallization.
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Small-angle X-ray scattering (SAXS) (European Synchrotron Radiation Facility) is used

to measure bulk structure of SV films.
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3 Scientific and practical aspects of controlled solvent vapor

annealing

As one of the most wildly used methods to equilibrate the microphase separated
structures of block copolymers, solvent vapor annealing provides advantages of
flexibility and effectiveness in terms of various solvent conditions and time-saving
process especially for BCP with high molecular weight. Solvent vapor annealing can
also overcome the contradiction of some polymers between their relative low
decomposing temperature and high ODT, which has to be solved in thermal annealing.
Although this method has been used for decade years, there is still no standard apparatus
which can simplify the reproducibility and results comparison [141]. The solvent vapor
annealing is sensitive to environment conditions like solvent vapor pressure, temperature
of vapor/substrates, and even the orientation of the vapor flow. The self-assembly of
block copolymer is decided by the comprehensive effect of the polymer volume fraction,
the interaction parameter between two blocks, the interaction of surface/air and
film/substrate, the polymer chain mobility and so on, which are also influenced by the

annealing conditions.

In this chapter we will first introduce our annealing system from the aspects of technical
factors like its design, the flow amount and the flow orientation. Then the temperature
influenced swelling behavior of SV is presented. Finally the swelling behavior of
homopolymer (PS, P2VP) and the solvent selectivity to SV are studied, which provides

important information for the following chapters.

3.1. Description of the annealing setup and discussion of the system relative

parameters

The schematic of our annealing system with partial vapor pressure (p/po) control system
and temperature separate control system (vapor and substrate), which can provide
precise annealing conditions, is shown in Figure 23. There are three vapor channels for
mixed or pure vapor, flow controllers to quantify the vapor flow, two thermostats to

maintain the temperature of vapor and substrate separately, and an in situ ellipsometry to
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monitor the film thickness during annealing. We tune the partial vapor pressure of

solvent in the chamber by mixing the flow of dry nitrogen (Channel 1) with the flow of

dry nitrogen purged through a reservoir with the solvent (Channel 2), all immersed in a

thermostat bath, at a certain proportion and/or changing the temperature of the vapor

and/or the substrate. In this set up not only mono solvent vapor but mixtures of solvent

vapors can be realized by adding additional channels (Channel 3 in Figure 23).
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Figure 23  (a)The sketch of the whole annealing system (b) the picture of the solvent vapor
controlling reservoir with the sketch of the solvent capsule

The degree of swelling in a swollen film is presented as ®, = hy /hg,, where the hy is

the dry start film thickness and hgy is the swollen film thickness. The polymer volume

fraction is the reciprocal of degree of swelling.
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In the annealing to tune SV self-assembly, films were treated for 200 min to guarantee
the re-organization of block copolymer completed. If not stated others, the total flow
through the chamber was 100 sccm. To avoid condensation of the solvent at the film
surface the temperature of the substrate should be maintained at least 1°C higher than
the vapor. The partial vapor pressure of the solvent in a chamber (and consequently the
solvent up-take by a polymer film) can be directly adjusted either by mixing the flow of
the saturated solvent vapor and the flow of dry nitrogen at a certain proportion, or

indirectly by varying the temperature of the vapor in the chamber.

3.1.1. Reproducibility of the swelling experiments

e Assessment of the chamber influenced
Solvent annealing was performed in two kinds of custom-made chambers, as shown in
Figure 24, made of Teflon (i) and stainless steel (ii). In the sketches of the chambers
(Figure 24 iii and iv) there is the chamber wall (a), transparent window for observation
of the film integrity with optical microscopy (b), inlet and outlet connections for vapor
tubes (c) and tubing in the bottom of the chamber for the substrate (d). The differences

of these two chambers are a) the volume of the chamber and b) the design of vapor tube.

a) The free volume of the Teflon chamber for solvent vapor is ~1 ml when we use
silicon wafer in size of 1*1 cm, which is smaller comparing to the steel chamber
of ~60 ml.

b) As shown in Figure 24, the Teflon chamber in (iii) has an opposite inlet and
output design for vapor tubes, while the inlet/outlet tubing is positioned next to
each other in the steel chamber. The narrow space and the opposite design of the
vapor tube on the Teflon chamber may cause a laminar flow of the solvent vapor

above the substrate, while a turbulent flow is expected in the steel chamber.

All these factors can lead a difference in the swelling of the films and indeed we found
that the chamber geometry and the chamber material affect the degree of swelling

slightly from our results.

47-



3 Scientific and practical aspects of controlled solvent vapor annealing

Figure 24 Pictures (i) (ii) and sketches (iii) (iv) of the annealing chamber used in our
experiments. T, and T are the temperatures of the vapor and the substrate respectively.
(a) The metal wall of the chamber. (b) The transparent window for in situ ellipsometry
measurement. (c) The vapor tube connected to the solvent vessels settled in the
thermostat reservoir. (d) The cycling water to maintain the substrate at a setting
temperature. The Teflon chamber has the vapor tube facing each other, but the steel
chamber has them on the same side.

First we compared the film swelling process under the stepwise increasing partial vapor
pressure in the two chambers with all the other conditions same in Figure 25. The higher
polymer volume fraction in Teflon chamber could be caused by wvapor flow

characteristics.

As mentioned above, in the Teflon chamber the vapor flow may go through the chamber
as laminar flow above the sample. Based on Bernoulli's principle, the flow with high
speed has lower pressure. Comparing with the steel chamber with turbulent flow inside,
the environment pressure in the Teflon chamber is lower than that in the steel chamber,

which causes the smaller swelling.
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Figure 25 Polymer volume fraction of SV (~40 nm) films as a function of stepwise
increasing of the partial vapor pressure (p/po) of chloroform at temperature set (T,/T;) of

14 °C/20 °C in steel and Teflon chambers.

Table 1 lists the polymer volume fraction displayed in Figure 25 , where the deviation in

the two chambers at 100% solvent vapor is 16.1% and 9.9 nm in terms of polymer

volume fraction and film thickness, respectively.

Table 1

chamber under increasing partial vapor pressure of chloroform

Polymer volume fraction of SV with thickness of 40 nm in steel and Teflon

Chamber 50% 80% 100%
Steel 0.76 0.64 0.56
Teflon 0.82 0.70 0.65

e Influence of the environment on the degree of swelling of polymer films

In Figure 26 we compare the kinetics curves of the SV

390

film with thickness of 40 nm in

two isotherm systems with different thermostats and tube line cycle, but the same

annealing conditions and the steel chamber, denoted as System 1 and System 2. When

the partial vapor pressure increases from 0 to 100%, the curve obtained in System 1

increases faster and reaches a higher plateau than the curve obtained in System 2. The

factors causing this difference are various including the different environment

temperature, different length of vapor circles and even the precision of the thermostat.

-49-




3 Scientific and practical aspects of controlled solvent vapor annealing

So the in situ film thickness monitoring during the annealing is very important to control

the swelling of the film.
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Figure 26  Kinetics curves of ~40 nm SV** films under chloroform vapor, when the partial
vapor pressure changes from 0 to 100% at 24 °C/30 °C in the steel chamber with two
annealing systems as indicated.

Because the reproducibility between different setups is not perfect, meaning that a direct
comparison between published results of different groups should account for possible

systematic errors, it is important that any comparative experiments are done under

exactly the same set up.

3.1.2. Solvent vapor regulation in the chamber

There are two principle methods to adjust the concentration of the solvent vapors in the
chamber: (1) by mixing the flows from channels 1 and 2 with constant temperature of the
substrate and the vapor, and (ii) by tuning the temperature of the vapor/substrate at
constant flows, which is interpreted in part 4.2. While the first approach is more robust
with regards to possible fluctuations of the environmental temperature and creates a
permanent flow within the chamber, the second approach is promising in a view of

developing thermo-solvent annealing method, as will be described below.

e Method (i)
In the experiment we produce solvent vapor using the flow through the vessel with a

solvent immersed in the thermostat bath, shown in Figure 23. A flow of dry nitrogen is
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directed through a short tube immersed in the solvent in the vessel at a fixed temperature
in the bad so that the out-coming flow is enriched with the saturated solvent vapor (we
assume an air pressure in the closed system and treat the solvent vapor as 100%
saturated). Then we mixed the produced mixture of solvent vapor and nitrogen) with a
pure nitrogen flow from another channel and calculate the partial vapor pressure p/po
based on the proportion of the two channels. The produced concentration of solvent
vapor is relative with a) solvent property and is also influenced by b) the total flow of

solvent vapor.

a) Effect of the solvent properties on the vapor concentration in the chamber (p/po)
The saturated pressure of a solvent increases as the environment temperature does and it
depends on the property of solvent, which is shown in Figure 27 with data referred from
Dortmund Data Bank (chloroform) and Reference [207] for toluene. As seen in the plot,
the saturated pressure of the solvent is sensitive to the temperature especially when it

comes to chloroform.
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Figure 27 The saturation pressure curves of toluene and chloroform increasing as the
temperature does. The blue curve with triangles indicates chloroform and the black
curve with squares indicates toluene.

As it mentioned before, we treat the produced vapor from the vessel as 100% partial

vapor pressure, but indeed the vapor is mixed with nitrogen. Below we present the data
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on the consumption of solvent under nitrogen flow with 100 sccm for 3 h and calculate
the real partial vapor pressure of solvent at each temperature. As the values shown in
table 2, we measured the weight of solvent with the vessel before (mg) and after (m;)
annealing and calculated the consumed weight (Am) and their corresponding mole (n).
The consumption of chloroform is much higher than that of toluene due to the higher

saturated pressure of chloroform.

Table 2 The consumption of solvent during the annealing

Toluene Chloroform

19 °C 25°C 19 °C 25°C
my (g) 558,78 556,55 644,05 646,0
m; (g) 556,65 553,6 619,72 612,13
Am (g) 2,13 2,95 24,33 33,87
n (mol) 0,023 0,032 0,204 0,284

The partial vapor pressure of solvent is calculated by the ideal gas law (Equation 5) and

the results are shown in Table 3:

PV =nRT (Equation 5)

We can find that the real partial vapor pressure of the produced solvent vapor is far from
the value of 100% what we use. The real partial vapor pressure is 38.6% for chloroform
at room temperature, which is about 9 times more than toluene at the same temperature.
The huge difference of the real partial vapor pressure can explain the different degree of
swelling under these two solvent vapors from one side. The other side is the interaction

parameter between the two blocks, which is interpreted in details below.

These consumption values are useful to approximate the longest time of the annealing
can last. These real values do not play an important role in reproducing the swelling
between different annealing systems and comparing the swelling at different temperature

in a same system.
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Table 3 The partial vapor pressure calculated from the consumption of solvent
mole Temperature (K) | V(ml) Partial vapor pressure (%)
toluene 19 °C 0,023 292,15 | 551,38 3,1
toluene 25 °C 0,032 298,15 | 782,90 4,3
chloroform 19 °C 0,204 292,15 | 4890,53 27,2
chloroform 25 °C 0,284 298,15 | 6948,21 38,6

b) Effect of the total flow through the chamber on the degree of swelling of polymer films

To find out if the total flow affects the degree of swelling, we present the annealing
curves in Teflon chamber under toluene vapor with temperature control system and

varied total flow (Figure 28a).

In Figure 28a, the curves with very unstable plateaus at each partial vapor pressure are
obtained under total flows of 20 sccm, 50 sccm, 80 sccm and 100 scem. After that we
found the thermostat for solvent vapor has a problem with the cycling water, so the

temperature of solvent capsule fluctuates around the set temperature.

In Figure 28b the swelling curves in chloroform vapor in non-isothermal environment
under flow of 20 sccm show slight upwards floating before it arrives at relative stable
plateaus at each partial vapor pressure, which is not found in the other vapor-
temperature-controlled annealing. The reason of this phenomenon is that the temperature
around the annealing system is increasing during annealing because of the heat
dissipated from the running devices. Lower heat capacity of the vapor than the substrate

makes it is easier to be fluctuated by the change of environment.

But the floating of the swelling curves under 50 sccm and 80 sccm show inversed trend
as compared to the case at 20 sccm. Because N, flow at standard room temperature
blowing into the solvent capsule cools down the vapor temperature. When the total flow
1s high enough, this cooling-down performance may dominate the film swelling. But for
the total flow of 20 sccm, it is not capable to offset the influence from the environment

temperature.
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Figure 28 Kinetics curves of ~40 nm SV** films in (a) Teflon chamber with toluene vapor
at 19 °C/20 °C (b) steel chamber with chloroform vapor annealed at room temperature

To find out how big the influence of environment temperature on the partial vapor
pressure is, we compared the degree of swelling of a film under different total flow at
room temperature and at a strictly controlled temperature of 19 °C/20 °C (Figure 29).
All data has been measured under 100% partial vapor pressure of chloroform. We can
find the degree of swelling of 20 sccm and 100 sccm at strict control temperature has
only 2% deviation. But the swelling at room temperature has 14.6% deviation from 80

sccm to 100 scem with room temperature changing less than 1°C.
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Figure 29 Comparison of the degree of swelling of SV**° ~40 nm thick films between
room temperature and maintained at 19 °C/20 °C in chloroform vapor with 100% p/p, at
total flow of 20 sccm, 50 scem, 80 sccm and 100 sccm
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From these two figures we can get that the swelling of the block copolymer film is very
sensitive to the environment temperature, so the annealing temperature should be under

a strict control.

3.2. Swelling behavior of SV**° films: temperature effects

The temperature control is the most important issue in thermo-solvent annealing,
because it is not only an effective method to control the degree of swelling of films but
also a critical parameter influencing the surface tension, the interaction parameter and

the mobility of the block copolymer in films.

3.2.1. Control over degree of swelling by vapor temperature

In our experiment the partial vapor pressure of the solvent in a chamber (and
consequently the solvent up-take by a polymer film) can be directly adjusted by mixing
the flow of the solvent vapor and nitrogen with different proportion, or indirectly
adjusted by varying the temperature of the vapor and the substrate. We can calculate the

partial vapor pressure in chamber according to Clausius-Clapeyron equation:
ln(pv/ps) = - AHvap/R * (1/Tv - 1/Ts) (Equation 6)

Here R is the ideal gas constant. AH,,, 1s the enthalpy of evaporation of the solvent. T, is
the temperature of solvent vapor which is same with the thermostat reservoir which
contains the solvent vessel, and T indicating the temperature of substrate, p,/ps

indicating the partial vapor pressure of solvent in chamber.

To evaluate how the vapor temperature affects the degree of swelling of polymer films,
we present data obtained at T, = 14 °C Ty = 20 °C and T, = 19 °C T = 20 °C in Figure
30. As expected, the film at T, = 14 °C obviously swells less than that at T, = 19 °C. The
reason of the decreased swelling is the change of saturated pressure of chloroform. From
Equation 2 the saturated pressure of chloroform is 16.04 kPa at 14 °C and 20.17 kPa at
19 °C. When we decrease the temperature of vapor, the vapor pressure produced by
chloroform solvent also decreases. For example when we set the vapor temperature of

14 °C with the temperature of substrate still at 20 °C, the new partial vapor pressure
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cannot arrive at what the film needs at 20 °C, although we set the annealing system with
100% chloroform vapor flow. We present the ‘relative partial vapor pressure’ by the
ratio of saturated pressure of chloroform at temperature of vapor divided by that at the
temperature of substrate. In our example, the ‘relative partial vapor pressure’ is 76.1%
under 100% solvent vapor flow, when T, at 14°C and T at 20°C. Using the same idea,
we can calculate that the relative pressure of chloroform at 19 °C/20 °C is 95.0% under a

same solvent vapor flow.
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Figure 30 Polymer volume fraction ®, of SV film with dry thickness of ~40 nm under
stepwise increasing partial vapor pressure of chloroform at T, = 14 °C, T, = 20 °C (black
triangle) and T, = 19 °C, T; = 20 °C (blue square)

The effect of the substrate temperature on the degree of swelling is point is presented in

details in part 4.2.

3.2.2. Combined variation of the temperature of the substrate and temperature

of the solvent vapor

As we presented above, tuning temperature is an effective approach to control the degree
of swelling of polymer films. However the temperature influences the mobility, surface
tension and interaction parameter consequently. These related effects increase the

difficulty in the research of equilibration process of polymer films. Therefor we combine
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the two tuning approaches (temperature and flow control). And from the analysis of the

results we can predict the degree of swelling at various temperatures.

In Figure 31 there are two pairs of polymer volume fraction curves versus the partial
vapor pressure for PS and P2VP homopolymer films, at a vapor temperature of 14 °C,
19 °C and a substrate temperature of 20 °C and 25 °C, respectively. We can find that
both homopolymer in films are swelling more at higher vapor temperature, although the
differences between vapor and substrate temperature are the same. And the second
phenomenon is that for each homopolymer the intervals between the two-temperature
curves increase as the partial vapor pressure does, where the trend shows in the insert

image.

These phenomena can be explained by the deduction below. The relationship between
the temperature and the saturated vapor pressure of chloroform can be written as
Antoine Equation (Equation 7), which is derivative from Clausius-Clapeyron equation

(Equation 6),
B
P(T) =107 ¢+t (Equation 7)

T denoting the temperature, P denoting the saturated pressure and A of 6.95, B of
1170.97, C of 226.23 are all Antoine Equation Parameters for chloroform whenT €
[—10,60]. We definite another function (Equation 8) to present the relative partial vapor

pressure under 100% total flow when the temperature of vapor is much lower than the

substrate,
P(T-AT) _ 104" CEToaT e
x(T) = = = (108)C+D(C+T-5) (Equation 8)
P(T) L0AToT q

T denoting the temperature of substrate, AT denoting the absolute difference of
temperature between vapor and substrate, and AT is 6°C in our experiments. Obviously
x (T) is a monotonic increasing function at this condition, so when T,=20 °C, T,=25 °C,
we can find x (T,)>x (T;). Since the relationship between partial vapor pressure and
polymer volume fraction of PS and P2VP fits equation 1, a monotonic decreasing

function of ®(x), where the independent variable x is p/py and the dependent variable is
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®,,, we can get O[x(T)[>P[x(T,)], which is concordant with what we can find on the

plot.

The increasing intervals of polymer volume fraction when temperature changes from T,
to T; at 50%, 80% and 100% are essentially caused by the decrease of partial vapor
pressure, Ax (Ax=x(T,)-x(T;)), which is associated with the secondary derivative of
y=0(x). From the figure of equation 1, we can find y’<0 and y’’<0 for PS, which means
if xI<x2, then 0>y’(x1)>y’(x2). In our case, Ax=0.00834 is small enough to

dy _ Ay
=—=—= . So
Ax

[Ay(0.5x12)|< |Ay(0.8x12)[< [Ay(x12)| from | y*(0.5x12) | <| y°(0.8x12) |<| ¥’ (xX12) |.

Q

approximate dx~Ax and dy=Ay, then Yy’ we can get
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Figure 31 Comparison of the degree of swelling of PS and P2VP films with 40 nm dry
thickness upon step-wise increasing partial pressure of chloroform vapor. The dashed
lines indicate the film annealing at a vapor temperature of 14 °C and a substrate

temperature of 20 °C. The solid lines are 19 °C and 20 °C respectively. The insert is the
increase ratio of PS and P2VP films under each partial vapor pressure.

3.3. Swelling behavior of homopolymer films during annealing process

3.3.1. Selectivity of chloroform to PS and P2VP homopolymer in thin films
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The polymers in our research are PS, P2VP or SV with glass transition temperature
around 100 °C, which means at room temperature they are all in a glass state. When they
were swelling in the chloroform vapor, the solvent vapor acted as plasticizer to decrease
the T,. In Figure 32(a) (b) we present the step-by-step swelling and deswelling curves of
PS and P2VP films with a thickness of ~40 nm. We can find that at low partial vapor
pressure the P2VP film swells and deswells obviously faster than PS film, which
indicates that after the self-assembly process the P2VP phase reaches the glassy state
first when the solvent vapor is quenched with 100% nitrogen, although the PS phase is
still swollen and plays plastic behavior. After staying in pure nitrogen atmosphere for
longer time, the residual solvent vapor exhausts totally from PS phase. The degree of
swelling of polar P2VP in polar chloroform vapor is ~15% larger than that of non-polar
PS at each partial vapor pressure. This result gives the information that the selective
chloroform can lead the compositionally symmetric SV to act as block copolymer with

asymmetric component fraction during the annealing.

The PS film shows more obvious difference than P2VP film in the plot of the polymer
volume fraction of the swelling and deswelling process shown in Figure 32 (c). Taking
Figure 32 (a) (b) into consideration, we can conclude that the difference is caused by the

residual solvent staying in the films.

(@) 54

——PVPsweling  goopt O
—— PS swelling

=
‘™
T

-
[}
T

_.
ES
T

-
N
T

Swelling degree D

1,0

-10 0 10 20 30 40 50 60 70 80 90 100110
Time (min)

1 1 1 | ——

-59-



3 Scientific and practical aspects of controlled solvent vapor annealing
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Figure 32 The stepwise swelling (a)and deswelling (b) curves of PS (blue line, ~42 nm
thick), P2VP (red line, ~41 nm thick) films as indicate by arrows at 20% 30% 40% 50%
70% 80% 100% of the relative partial vapor pressure of chloroform (p/py) at
19 °C/20 °C. (c) polymer volume fraction of the swelling and deswelling of PS and
P2VP

3.3.2. Swelling-dependent properties of PS and P2VP homopolymer films

e Variation of the refractive index as a function of swellings
The refractive index (n) is a critical value when we obtain the fitted film thickness from
the ellipsometry, and it is a flexible and sensitive factor influenced by the composition of
the film and even the thickness of the film. We use the ellipsometry with a single-

wavelength laser light, which contributes the possibility to set two factors as depending
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ones in one measurement. In our measurement the refractive index can be automatically

fitted by the software.

In Figure 33 we display the refractive index fitted from the measured data. In deed the
refractive index of polymer is usually between 1.4 and 1.6 and the refractive index of

dry PS is about 1.58 [208].

Refractive index n
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Figure 33 Refractive index as a time-resolving function of PS (42 nm) and P2VP (41 nm)
films in chloroform vapor with step-wise increasing of partial vapor pressure at
19 °C/20 °C.
e Variation of the y parameter
The swelling behavior of films is monitored by an in situ ellipsometry during annealing
process, which is sensitive to the partial vapor pressure in the chamber. The polymer
volume fraction (®,) is calculated from the initial and swollen film thickness (hg/hsy).
Based on the knowledge of free volume theory in polymers, the volume of polymer
under T, is constituted with constant volume and free volume. The fraction of free
volume in glassy state is ~2.5% for most polymers. The dry film thickness of SV>*
contains the free volume for T, of PS (373K) and P2VP (357K) [174] 1s higher than RT.
During the annealing process the free volume is filled up and the polymer chains extend,
which means in the swollen film the free volume disappears. So the real @, is a little

lower than the value we calculate. As the measurements of the swollen film thickness all

by the same method, this deviation will not influence the comparison among different
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measurements. On the other hand, the obvious swelling of films during annealing means
Ty of polymers reducing below the annealing temperature with the solvent vapor

functionalized as plasticizer.

According to Flory Huggins theory, y can be calculated with Equation 9 [209], which is
established based on the change of the chemical potential of the solvent in polymer

solution.

In(p/py) = )(P,s¢5 + ln(l — qbp) +(1- 1/N)qbp (Equation 9)

N is the total degree of polymerization and yps is the Flory Huggins interaction
parameter between the polymer and the solvent. p is the solvent vapor of the solution
and py is the solvent vapor of the corresponding pure solvent. @, is the polymer volume

fraction which can be calculated based on film thicknesses.

Krausch et al. reported ellipsometric determined y between the polymer and the solvent
during solvent vapor annealing in 2004 with this formula [210]. They calculated p with
Equation 10:

p = pexp(— AH,/RTsovent) Equation 10
For this equation we still have some confusion:

a) Is the formula a correction form of Clausius—Clapeyron relation, which provides
vapor pressure of polymer solution?

b) What is p in this formula? Taking the material parameters provided in that
reference into consideration, it should be the vapor pressure py at boiling point.
And we used the material parameters of chloroform in the reference to check this
formula. When I chose H, (25 °C) as AH,, p (25 °C) as p, po of 7.95 GPa as p and
Tsotvent 0f 25 °C, the equation held. Then a new question came.

c) What is the huge value of 7.95 Gpa? If it is the vapor pressure of pure solvent at
boiling point as mentioned in the text, why it is not 1 atm (~101 kPa)? And we

did not find it in the reference [211] as the author indicated.
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So the calculation of y parameter is temporarily hanging up and next generations may

work it out.

3.4. Swelling behaviors of SV films in vapors of strongly and of slightly selective

solvents

Figure 34 presents the kinetics curves of SV films under chloroform and toluene vapor
with step wise increasing partial vapor pressure. In chloroform vapor the film achieves
the equilibrium film thickness as plateau value faster and usually within 10 min at each
partial vapor pressure, and the final degree of swelling is ~43% higher than the film in

toluene vapor.

Sometimes the speed of the deswelling influences the final morphology of the block
copolymer films, i.e. Stahl et al found out that the lower quenching speed provides
sufficient time for PEO domains to fully coalesce into cylinders and adopt the expected
random fingerprint pattern in PS-b-PEO films [212].
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Figure 34 The kinetics curve of the ~40 nm SV** film under stepwise increasing partial
vapor pressure of (a) toluene and (b) chloroform with the indicated values in the plots.
The separated temperatures of vapor and substrate are 19 °C and 20 °C. (c) The
comparison of polymer volume fraction in toluene and chloroform vapor annealing at
stepwise increasing partial vapor pressure at 19 °C/20 °C

3.5. Summary

In this chapter the factors to influence the annealing process and the swelling behavior

of PS and P2VP homopolymer thin films are presented and discussed.

First, the description of the parameters of the annealing system, including vapor flow,
dimension of chamber, solvent property and temperature, are presented. The temperature
and the solvent property are the two key factors influencing the swelling behavior of
BCP films. We conclude that since the BCP morphologies are sensitive to the swelling
process, the analysis of the reproducibility among different annealing systems requires
consideration of a number of additional factors, such the geometry of the chamber and
its material, the type of the flow inside the chamber, the length and isolation of the

tubing connections.

Second, the swelling behavior of BCP in films is controlled by the temperature of the
vapor and of the substrate, on one hand and variation of the saturation of the solvent
vapor atmosphere, on the other hand. And the exchanging of the two methods are
explored which can contribute to the estimation of the swelling behavior at different
temperatures. Meanwhile the ‘real’ partial vapor pressure is measured in this part

making the comparison of different annealing systems conveniently.

Third, the swelling and deswelling behaviors of PS and P2VP homopolymer in films are
researched in slightly selective solvent vapor of chloroform, which gives results of 10%
more swelling of P2VP than PS in films with thickness of ~40 nm and the deswelling
rate of PS is slower than that of P2VP at low partial vapor pressure. These results

provide important information for understanding the PL morphology shown in Chapter 4.
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4 Tunable morphology in ultrathin films of high molecular

weight block copolymer (SV) via thermo-solvent annealing

4.1. Swelling behavior of SV**° films under variation of the vapor flow

Figure 35a presents the time-resolved swelling and deswelling behavior of a SV block
copolymer and respective homopolymer in films when the partial vapor pressure p/po in
the chamber was stepwise adjusted by setting a corresponding mixture of a 100% p/po
vapor flow with a flow of dry nitrogen, by maintaining the temperature of the sample T
at a constant level of 20 °C and the temperature of the vapor T, at 14 °C. The degree of
swelling at steady state (typically, achieved after 20 min) has been used to evaluate the
polymer volume fraction @, (a ratio of the dry film thickness to the swollen film
thickness) as a function of in p/po shown in Figure 35(b). The polymer volume fraction
(a reverse of the degree of swelling) in the PS film is systematically ~10% higher than
that of the P2VP homopolymer, clearly suggesting a selectivity of the chloroform
towards more polar polymer. Accordingly, the swelling of the SV block copolymer is
defined by the contribution from both blocks, so that the swelling curve of SV lies in

between the swelling curves of the homopolymer.
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Figure 35 (a) Kinetics curves of the stepwise swelling and deswelling of PS (green triangle,
48 nm thick), P2VP (red circle, 43 nm thick) and SV block copolymer (black square, 39
nm thick) as indicate by arrows at 50% 80% 100% of the relative partial vapor pressure
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of chloroform (p/py) at T,= 14 °C and T=20 °C. (b) The polymer volume fraction as a
function of p/p, based on the curves in (a).

4.2. Swelling behavior of SV**" in ~40 nm films under variation of the temperature

of the vapor and of the substrate

At point A (Figure 36a) T and T, are set to 20 °C and 30 °C. The equilibrium swelling is
achieved within 10 min, and corresponds to 100% partial vapor pressure. At point B
keeping T constant we increase the T, to 25 °C. The swelling builds up first in a two-
step mode: fast stage when 95.7% of the equilibrium thickness (71.5 nm/74.7 nm) is
achieved, and a slow mode, when the steady-state swelling was not yet achieved after 50
min. The slow contentious increase in the swollen thickness can be associated with the
retarded build-up of the vapor pressure in the chamber, as well as with structural
rearrangements in the block copolymer. At point C the temperature of the vapor is
further increased up to 29 °C, still being 1°C lower than that of the substrate. The vapor
and substrate temperature are both above room temperature which caused the heat
dissipating from the steel camber and the tubes. The temperature of solvent vapor is
higher than the chamber and the tubes, so the condensation of vapor started in this
period. As a result the real partial vapor pressure around the film is lower than what we
set on the flow controller. The slight increase of the film thickness can also prove this
point. At point D increasing the substrate to 35 °C with the constant vapor temperature,
the film continued increasing slowly instead of descending in an ideal situation. This
phenomena can be explained by the compensation of partial vapor pressure came from
the evaporation of the condensate vapor adhered on the chamber wall. The condensation
on the tube was accumulating, as the disordered film thickness appeared 15 min later.

The resulted morphology after this annealing period is shown in Figure 37
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Figure 36 Time-resolved swollen thickness (hs left axis, solid line) of SV film under
variation of (right axis) T, (dashed line) and T, (dotted line) in (a) 100% (b)50% p/po
chloroform vapor at temperature of A,A’ 20/30°C, B,B’ 25 °C/30°C, C,C’ 29 °C/30°C,
D,D’ 29 °C/35 °C, E’ 29 °C/40 °C, F’ 39/40 °C. Degree of swelling as a function of
temperature interval at constant vapor (c) and substrate (d) temperature under 100% and
50% partial vapor pressure of chloroform.
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In Figure 36b the equilibrium swelling process is achieved under 50% partial vapor
pressure. At point A’, B’, C’ the temperature of vapor and substrate are set the same
with in Figure 36a. And the swelling builds up as the film does at 100% partial vapor
pressure (Figure 36a). Increasing the substrate temperature at point D’, E’ causes the
film thickness decreases stepwise. After point F’ the film thickness is out of control, for
the vapor temperature is much higher than the room temperature and the condensation
affects the partial vapor pressure. The confusion of thickness in Figure 36b appears after
point F’, at higher temperatures (vapor temperature of 39 °C and substrate of 40 °C) than
that appears in Figure 36a after point D (vapor temperature of 29 °C and substrate of

35 °C), for the low partial vapor pressure leads the condensation appearing hardly.

The trends of degree of swelling tuned by temperature interval (AT = T, —T) under 100%
and 50% p/po at constant temperature of vapor (29 °C) or substrate (30 °C) are presented
in Figure 36c, d, respectively. Since the vapor temperature of 29 °C is higher than room
temperature of 25 °C, the condensation of solvent vapor exists when the annealing is
performed in Figure 36¢. The point at temperature interval of 6 °C (indicating the T is
35 °C) under 100% p/po is out of correct trend. The error caused by environment
temperature under p/po of 50% is not as obvious as under higher partial vapor pressure,
because the condensation is not so strong. But this does not mean there is no
condensation, which should be always paid attention to during the annealing. In Figure
36d the trend of degree of swelling declining as the temperature interval increasing is

clear, although the two points at AT of 1 °C (T, =29 °C) is not as high as expected.
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Figure 37 SFM topography (a) (b) and phase (c) (d) images of spin-cast SV*** ~40 nm film
(a) (c) and after annealing (b) (d) at T, =29 °C, T = 30 °C for 20 min, where the curve
is shown in Figure 36 (a).

4.3. Morphology of SV* in films with thickness under half-layer tuned by the

temperature

SFM images of thermo-solvent-annealed films of symmetric SV** films with initial dry
thickness of ~40 nm are shown in Figure 38. The degrees of swelling on two annealing
conditions are same of ~1.7 with the same temperature interval of 6 °C indicating the
swollen thickness of ~68 nm (0.58L). The morphology after annealing is perforated
lamella with depth of holes being ~6.4 nm and the diameter of the holes being ~32 nm.
We chose areas from two samples with few defects for PSD analysis in Figure 38e, f.
The domain spacing is calculated by the frequency at the peaks of PSD curves shown in
Figure 40. The higher temperature causes the decreasing of the domain spacing from

125 nm at 14 °C/20 °C to 116 nm at 24 °C/30 °C, which shows same trend in ref [213].
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Figure 38 SFM topography images (a) (b), phase images (c) (d) of 40 nm SV films
annealed by chloroform for 200 min. Area for PSD analysis is shown in (e) (f). The
annealing condition and degree of swelling are presented on the top of the image.

In Figure 39 the degree of swelling of films is increased to 2.5 with swollen film
thickness of ~100 nm (0.85Lj). Comparing with the annealed morphology shown in

Figure 38, some terracing defects occur in both of the two conditions because the
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swollen film thickness is higher than the suitable thickness for only perforated lamella.
Only in Figure 39b there are stripe-like shapes existing, because the high vapor
temperature and high degree of swelling increases the chain mobility and meanwhile
their domain spacing from the analysis of Figure 39(e), (f) are 116 nm and 111 nm with

further decreasing.
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Figure 39 SFM topography images (a) (b), phase images (c) (d) of 40 nm SV** films
annealed by chloroform for 200 min. Area for PSD analysis is shown in (e) (f). The
annealing condition and degree of swelling are presented on the top of the image.
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Figure 40 presents the collection of PSD analysis of the morphology of SV**° films

annealed by chloroform with the conditions mentioned above.

-0,5

- 0,5
-1,0 | 10
& -1,5F 15
=
5-20F 2,0
w
Q-25F \ 25
g) \
3,0} \ 3.0 :
= 19-20 o5 10 15 20 25
-35+ 24-30 w:}gpﬂf Frequency (fum)
— 29-30 Sy
-4FD L

-10 0 10 20 30 40 50 80 70 80 90
Frequency (/um)

Figure 40 Power spectrum density analysis by Nanoscope Analysis of the annealed ~40
nm SV*** films at various temperatures. Their morphologies are shown in Figure 38 and
Figure 39.

4.4. Challenging of interpretation of the perforated (PL) morphology of SV**" in thin

films

4.4.1. Peak force mode characterized morphology of SV** in films

To interpret these annealed morphologies of the SV>*° ~40 nm films, we used the SFM
peak force module yielding height, deformation and log Modulus images as shown in
Figure 41. From the shape we can tell the high area in (a) corresponds the dark color in
the deformation image and the light color in the log modulus image. In the deformation
image the dark area is the harder part with less deformation during peak force scanning.
Usually the Modulus (Young’s Modulus) reflecting the relationship between force and
indentation presents a reversed color mapping with the deformation image. In our case,
the Ty of PS is 373 K and P2VP is 357 K, which means at room temperature the PS
phase is harder than P2VP phase. Taking all the information from the SFM images into
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consideration, the PS part is the low area in the height image, the dark area in the
deformation image and the light area in the modulus image, so the other area in these
images are P2VP parts. These distributions of two blocks are also proved by

metallization results shown in Figure 44g.

Height Deformation Log Modulus
) e % _

Figure 41 Height image (a), deformation image (b) and log Modulus image (c) from peak
force module of SV**° ~40 nm film annealed by chloroform at 25 °C/26 °C. (b), (c) are
the area of the red square in (a)

4.4.2. Characterization of the morphology of SV**° film/substrate interfaces

annealed under slightly selective solvent vapor

Figure 42 presents the SFM images of the bottom surface of the films with perforated
and stipe morphology. These two kinds of templates are prepared in the same procedure

with the same SV>*%°

. The only difference is the plasma oven we used to clean the silicon
wafers before spin casting. We believe that these two kinds of morphologies are caused
by the different surface properties of silicon wafers, because the perforated morphology
can be reproduced on carbon layer which is homogeneous to both of the blocks shown in
Figure 60. The plasma procedures could introduce unexpected surface modification on
silicon wafers, for the plasma treatments always sputter some molecules or atoms up in
the atmosphere, which will fall back on samples during the next plasma treatment. This
episode of reproducibility proves from side that the substrate property strongly

influences the phase separation of BCPs, and in thin film a weak surface field is

sufficient to form PL.
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Then we floated the templates to check the bottom morphology of the films. The backs
of films also show similar morphology with their top surface in both perforated lamella
and stripe-like morphology. But the perforated lamella is less homogeneous at the
bottom and the bottom stripes have higher roughness than their tops. Meanwhile the
average dots depth of bottom is ~20 nm much higher than that on top surface of ~6 nm.
The roughness increasing could be caused by low fluid of the BCP from the stronger

interaction of the polymer/substrate than the polymer/air.
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Figure 42 SFM topography images of the free surface (a) (c) of the film and the interface
(e) () between the film and the substrate from the SV**° film with thickness of ~40 nm
annealed by chloroform vapor at 24 °C/30 °C. (c) (d) (g) (h) are their phase images
respectively.
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4.4.3. Metallization of annealed SV**° template

Metallization of the SV templates is an effective method to distinguish the PS and P2VP
blocks, for only P2VP blocks containing pyridyl groups can be loaded with metal ions
under acid atmosphere. In metallization procedure we immersed the annealed templates
in Na,PtCl4/HCI solution to load Pt ions on P2VP groups, and then removed the polymer
with oxygen plasma. The metallization results of the perforated templates in Figure 43
present that the Pt particles in network morphology indicating the annealed template
with the P2VP block as matrix and the PS block as dots. The defects of holes and
terraces on the annealed SV°*° template shown in Figure 38 and Figure 39 both
correspond to empty areas after etching, so the surfaces of the defects are PS. This result
shows unexpected morphology from our experience. P2VP has lower surface energy
with Si substrates than PS and PS has lower surface energy with air than P2VP, so the
PS block prefers to collects at the film surface. To make the reason of this morphology
clear, we did more detailed experiments and provided a new explanation in the

following part.
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Figure 43 SFM topography (a) and phase (b) images of the metalized stripes from ~40 nm
template of SV** films annealed by chloroform vapor on silicon wafer. FE-SEM images
(c) (d) of the same sample, where the bright wires are Pt. The profile curves (¢) of the
cross-section line in (a) shows the height of the Pt wires.

Figure 44 presents how the morphology of a SV**° film changes from the annealed
template (a) (b) to platinum nanowires (g) (h) with its interface (between the film and
the silicon wafer) images (c) (d) and the immersed surface images (e) (f) step by step.
The interface morphology of the film presents the same stripe-like morphology like its
surface with higher edge roughness of the standing stripes. Besides the topography, the

distribution of PS and P2VP is also the same, as we can see from the phase images (b)
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(d). In the images (e) (f) the width of gap between each two stripes shrinks from 50 nm
to 20 nm and the depth increases from ~9 nm to ~32 nm, meanwhile the film thickness
measured by ellipsometry increases from 45 nm to 49.5 nm. The profile of cross-section
(the red line in (e)) shows the depth of the stripe is ~47 nm, slightly thinner than the film
thickness. Its corresponding phase image (f) shows the same color contrast like (b) and
(d), which means the lower area (in Figure 44e) is not the silicon wafer. The Pt-
metallized template shown in (g) (h) proves again that the higher area (in Figure 41a) is
P2VP block, because only the pyridine group in acid environment can hold positive
metal ions. Based on our results the immersion time, the concentration of the Pt*" and
the HCI can all affect the morphology of the nanowire. In Figure 44 (g) the Pt nanowires
copy the swollen P2VP stripes from Figure 44 (e) and each nanowire includes many

small Pt nanoparticles accumulating at its edge.
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Figure 44 (a) (c) () (2) SFM topography images and (b) (d) (f) (h) phase images of SV**°
~45 nm film annealed by chloroform at 24 °C/30 °C (i) profile curve of cross section of
the red line on image (e).
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e Interpretation of the metallized pattern
In Figure 45 we show the annealed SV**° film as template and the corresponding
metallized morphology with platinum nanowires and also the profile curves at the two
red lines in height images. From the analysis of Figure 41 we know that the light area in
(a) is P2VP block, which has period length of ~115 nm. In (c) the platinum particles
arranging as nanowires after oxygen plasma treatment has the period length of ~55 nm
(almost half of the period in SV>*° template (a)). From the insert in (c) with very flat
bottom of the curve we know that the bottom is the silicon wafer, which means the
polymer phases are cleaned up by plasma treatment. Based on the profile curves in (e),
we know that a pair of nanowires split from a stripe in its template with a sallow gap in
the middle of the stripe (point B). The reason could lead to this phenomenon is the
selectively swelling of P2VP block during the immersing procedure for loading Pt*" in
acid environment. This selective swelling of P2VP causes this block collecting at the

edges of PS micro domains (also stripe-like).
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Figure 45  (a) (c) SFM topography images and (b) (d) phase images of SV*° ~40 nm film
annealed by chloroform at 24 °C/25°C with degree of swelling of 1.78, (e) the profiles
of cross-section at the yellow line in (a) (black) and (c) (blue). In (a) the stripes have
height of 7.4 nm in average and width of 51 nm in average. The domain spacing of (a) is
~109 nm and (c) is ~55 nm.

4.4.4. Pattern transfer of SV>*° templates with PL morphology
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The perforated template can act as a mask when we etch the silicon wafer, which is a
possible application of ordered block copolymer. Figure 46 presents SV**° films with PL
morphology as etching mask for CFs-etching procedure. A is the BCP template on
silicon wafer before and after etching the etched silicon wafer step-by-step using the
perforated template as mask and their cross-section profiles. We used the same sample
as shown in Figure 38b. The phase images in Figure 46A show that the contrast between
the dot-area and the matrix-area is obviously larger in (b) than (d), and the sample in (d)
is pure etched silicon wafer. The average depth of the holes before etching, after etching
and after removing the polymer residue from the template is 6.4 nm, 5.2 nm and 3.9 nm
respectively. From the thickness difference of procedure Figure 46A (b) and (c) the
polymer left at the network position is 1.3 nm. In our experiment the etching rate of
homopolymer is 13 nm/min and 29 nm/min to PS and P2VP, respectively, and to silicon
wafer it is usually 4~6 times greater than PS [60]. The initial film thickness is 40 nm
(thickness of P2VP after annealing is estimated to 43.2 nm) and the etched network
thickness is 38.7 nm (proved to be P2VP in Figure 43), so the etched thickness of PS is
about 18.1 nm. Subtracting the pattern depth at the top of film of 6.4 nm, the dewetting
of PS at dot area has depth of ~18.7 nm similar with the pattern depth of ~20 nm on
bottom sample shown in Figure 42. From Figure 43 we know that the matrix area is
P2VP block. So the sketches of the PL morphology of SV**° and the etching procedure
are corresponding shown in Figure 46C. We can find the dewetting area at PS position

in the PL morphology.
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Figure 46 (A) SFM topography images (a) (¢) and phase images(b) (d) of etched block
copolymer template indicating the procedure of (b) and (c¢) in (A). (B) The cross-section
profile of SV** template on silicon wafer before (a, black), after (b, red) etching and the
etched Si wafer (c, blue). (C) The sketch of etching procedure treated on SV template
shown in Figure 38b with (a) before etching (b) after etching with residual polymer (c)
after removing the residual polymer.

The dewetting can be explained by the lower deswelling rate of PS than P2VP under

chloroform atmosphere. The step wise deswelling curves of PS and P2VP homopolymer
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in films shown in Figure 47 presents that at low partial vapor pressure of 30% and 20%
the degree of swelling of PS is keeping at 1.2 with deswelling rate of 0.013 nm/min and
0.004 nm/min. The film thickness stays at 1.06 times of the initial film thickness even
after 100% nitrogen spreading in the chamber. The degree of swelling of P2VP
decreases from 1.2 to 1.1 in deswelling rate of 0.03 nm/min when the film is treated with
30% p/po. The film thickness of P2VP easily falls back to the initial value before
annealing. This means in the deswelling procedure PS block needs longer time block to
solidify than P2VP. So the solidification of P2VP happens first and it roles as anchors
with still fluid PS. When PS gets solidified, it shrinks in the confinement of P2VP matrix

and the dewetting takes place to compensate the volume reduction of PS.
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Figure 47 Kinetics curves of stepwise deswelling of ~40 nm PS and P2VP films under
chloroform vapor with swelling rate. The swelling curves are from Figure 32b.

390

4.5. Time evolution of the structures in SV”™" films with under-half-layer thickness

In Figure 48 there are the SFM height images with corresponding optical microscope
images below presenting the spin-casted morphology of SV**° films from toluene
solution by various dissolving method, standing at room temperature for 24h in (a),
stirring at room temperature for 24h in (b) and standing at 4 °C for 24h. Method (a)
causes a lot of micelles aggregation, which can be observed both on the SFM image as

big white dots and on the optical image as black dust. Stirring and low temperature
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standing can avoid the micelles aggregation in method (b) and method (c) with optical
images clean. Comparing (b) and (¢) it can be found that the film from standing solution

presents more ordered and homogenous spheres than the film from stirred solution.

40.0 nm

200um

Figure 48 SFM height images of spin-casted SV**° films from toluene by staying at room
temperature for 24h (a), stirring at room temperature for 24h (b), staying at 4 °C for 24h
with their optical images below respectively.

Figure 49 presents the time-resolving morphology of ~40 nm SV**° film on silicon wafer.
The initial spin-cast morphology is sphere with periodic length of 70 nm, where the
spheres have PS block as shell and P2VP block as core duo to the PS-preferred solvent
toluene. Then the slight annealing in chloroform vapor for 80 s induces the micelles
turning to be small holes at each position with the periodic length stable. From the phase
image we know the dot area is PS and the matrix is P2VP, so we can deduce that every
P2VP core spills over the PS shell during annealing and creates the connection to each
other. As Figure 35 demonstrated P2VP in ~40 nm film swells ~15% more than PS in
~40 nm film in chloroform vapor on the same condition, the P2VP block enlarges ~15%

more than PS block during this block copolymer annealing.
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Figure 49 SFM height images (a)-(c) & (g)-(i) and their corresponding phase images (d)-(f)
& (j)-(I) of time-resolved morphology of SV** ~40 nm film on silicon substrate
annealed by chloroform at 19 °C/20 °C with their FFT transfer images. The periodic
distance and annealing time are labeled on each image.
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Figure 50 height images (a)-(c) & (g)-(i) and their corresponding phase images (d)-(f) &
(G)(&)-(1) of time-resolved morphology of SV**° ~40 nm film on amorphous-carbon-layer
covered silicon substrate annealed by chloroform at 19 °C/20 °C with the periodic
distance and time on each image.

Figure 51 presents the kinetics curve of a swelling-deswelling cycle finished in 25 min

with the morphology images of the SV** film annealed for Imin, 5 min and 10 min. We
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scanned not only the middle area with the precise thickness measured by Ellipsometry of
each sample, but also the gradient edge which produces in the spin-coating process. The
film thickness in the middle of the sample is 43nm and at thicker edge in this plot is

below 55 nm.
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Figure 51 Kinetics curve of ~40 nm SV** film annealed in chloroform vapor with its
thickness-depending morphology at 1min, 5 min and 10 min.

4.6. Summary

In this chapter the swelling behavior and the morphologies of SV**° BCP in films with
thickness under half-layer in slightly selective solvent vapor of chloroform are explored

390

Equilibrium morphology of SV°" films is interpreted and the kinetics of this self-

assembly is monitored in time.
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First, the swelling behavior of BCP films can be precisely tuned by temperature and/or
vapor flow separately. The temperature is a critical factor, which influences the vapor
pressure and limits the sensitivity of films response to various annealing conditions. In
this case the factors including degree of swelling, y and surface tension to influence the

equilibration process of BCP films can be explored individually.

Second, the annealing process at higher temperature leads to a faster polymer chain

movement even at the same degree of swelling.

Third, the morphology in equilibrium state of ~40 nm thick SV**° films constitute with
PS dots and P2VP matrix, which is proved by various methods like scanning with Peak
Force Mode in SFM, metallization of the SV>*° templates and pattern transfer to silicon

wafer by CF, etching.

Last the kinetics research on the self-assembly of SV**° films demonstrate that the
original morphology of the BCP with high molecular weight shows immediately
response to the solvent vapor. When the film has strong or weak interaction with the
substrate, the equilibration process finishes in 5 min or 15 min respectively. Duo to these
results the initial morphology of BCP films from spin-coating solution has no influence

to their final morphology.
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5 Effects of thickness gradients, surface properties and
solvent quality on the microphase separation in block

copolymer films'

In the previous chapter we discussed the influence of the degree of swelling and the
temperature conditions on the phase separation in films of high molecular weight SV
block copolymer. In this chapter we consider a number of further factors which affect
the structure formation of block copolymer in films and can be used to guide the
structure into desired patterns. In particular, we focus on the confinement and thickness
gradient effects, nature and properties of the substrate, as well as the possibility to tune
the starting morphology by utilizing solvents of varied quality. To study the confinement
effects which arise when the film thickness is compatible with the intrinsic domain
spacing, we compared two lamella-forming SV block copolymers with 4-fold difference
in the molecular weight. High molecular weight, SV**° block copolymer has low chain
mobility and therefore a very slow ordering dynamics. Also it experiences a strong
confinement effects since its domain spacing (117 nm) is much below or comparable
with the studied film thicknesses. The shorter SV*°, block copolymer with a domain
spacing of ~47 nm has been intensively studied before [137], and was used in this work

as a reference system.

In the experiments the film thickness was varied between sub half-layer to one-layer.
Film thickness gradients have been prepared by spin-coating block copolymer solutions
on patterned substrates. The various initial morphologies have been obtained by
dissolving SV**° in a number of solvents with different selectivity to each block and

with different physical properties.

5.1. Effect of the confinement on the morphological behavior of SV>*°

As substrates cleaned Si wafers with ~2 nm thick SiO, layer at surface have been used.
For SV block copolymer this substrate implies asymmetric wetting conditions, since the

substrate prefers polar P2VP block, while PS segregates to the free surface due to its
-91-
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lower surface tension than that of P2VP. All ~40 nm films have been spin-coated from
toluene solutions and thicker films from chloroform solutions. They all are annealed

under solvent vapor at indicated conditions.

5.1.1. Thickness regime from sub-half layer to above-half layer

In this regime the block copolymer is under strong confinement conditions. The SV**
films with thickness from 36 nm to 61 nm were prepared at varied spin-coating
conditions from toluene solution. Then they were treated by solvent vapor annealing
under the same conditions of T,= 14 °C, Ts= 20 °C and the partial vapor pressure of 100%
for 200 min. Their (quasi)equilibrium morphologies after annealing and quench with dry
nitrogen are shown in Figure 52. We note that the starting morphology is represented by
micelles (shown in Figure 67) since toluene is a strongly selective solvent for the PS
block. In all cases the initial spherical pattern vanished and developed into stripe-like
patterns with different dimensions and different degree of regularity. With increase of
the starting thickness, and corresponding, the swollen film thickness from ~0.5Ly to
0.85Ly, (in Figure 52) the morphology changes from disordered arrangement to ordered

standing lamella.
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Figure 52 SFM height and phase images of SV>* films with dry thickness from 36 nm to
61 nm annealed by chloroform with degree of swelling of 1.65.

Shown in Figure 53 are the surface structures of SV**° films with the dry thicknesses
increasing from 41 nm to 134 nm after annealing at a degree of swelling of 2.5. The
morphology is stripe-like lamella when the swollen film thickness is 100.9 nm (~0.85Ly).
As film thickness increases to 175 nm (~1.5Ly), the lying lamella co-exists with striped
pattern. The step height between the featureless flat areas of in-plane lamella and striped
pattern of up-standing lamella is ~8 nm. The height difference between the top and the

bottom of up-standing lamella is ~15 nm.

When the swollen thickness achieves ~255 nm (~2.2L), the morphology transforms to

lying lamella almost all over the sample. There are also some hole-like terraces with
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depth of ~30 nm due to the deviation of film thickness from the equilibrium value,

which for asymmetric wetting conditions should be (n+1/2)L,.
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i
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Figure 53 SFM (a) (c) (e) height and (b) (d) (f) phase images of SV*° annealed under
chloroform vapor on SiO, substrate at 19 °C/20 °C for 200 min with a degree of
swelling of 2.5.

5.1.2. Metallization of block copolymer template with gradient thickness

To distinguish these two kinds of morphologies (perforated lamella as shown in Figure
38 in Chapter 4 and standing lamella), we metalized the templates with Pt*" solution.
The SFM images of these templates before and after metallization with their cross-
section profiles are shown in Figure 54. As expected, the metallization of the perforated
template in Figure 54a shows Pt perforated membrane, and the Pt from the template in
Figure 54d shows metal stripes. In the cross-section profiles we found the distance
between each stripes in Figure 54c is obviously larger than that in Figure 54f, which
could be a cue for different types of morphology. But more stable and direct evidence to

distinguish the cylinder and lamella morphology is still needed.
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Figure 54 SFM (a) (b) (d) (e) height images of SV** template(a) (d) and metallization(b)
(e) and their cross-section profiles (c) (f). The templates are prepared by annealing ~40
nm SV** films under chloroform vapor to swollen thickness of (a) 64 nm (d) 100 nm.

5.2. Effect of confinement and solvent selectivity on the morphological behavior of

SV” in thin films

Symmetric SV block copolymer in films with fps = 0.54, which show lamella
morphology under neutral solvent vapor, are annealed under strongly selective solvent to
PS block. The films show cylinder-forming morphological behaviors as block

copolymer with asymmetric volume fraction.

5.2.1. Film thickness dependent microphase separation upon annealing in

highly selective solvent vapor

SV* thin films with domain spacing of 47.2 nm in bulk [137] were prepared from
chloroform solution on silicon wafers in various thicknesses ranging from 14 nm to 35
nm. The thickness gradient from the center to the edges of the film was created by spin-
coating on small-size substrates. After annealing in toluene vapor for 60 min with a
degree of swelling of 1.8, the morphology shows obvious trend: standing cylinder of
P2VP (hgy, = ~0.5L), mixture of standing cylinder and parallel cylinder (hg, = ~L¢) and
perforated lamella of PS (hgy, = ~1.3Ly).
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Figure 55 SFM height (a)-(f) and phase (a’)-(f) images of SV* annealed by selective
solvent vapor toluene at 19 °C/20 °C for 60 min with initial thickness increasing from 14
nm to 35 nm. The degree of swelling is 1.8 during annealing.

Figure 56 presents the power spectral density (PSD) analysis of each morphology shown
in Figure 55. The peak of every curve reveals the periodic feature on each image

indicating the characteristic spacing (do) is a 56.6 nm, b 55.6 nm, ¢ 58.8 nm, d 60.0 nm,
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e 62.5 nm and f 65 nm. The characteristic lamella spacing (Lo) of SV** is V3/2 times of
do in Figure 55a.
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Figure 56 PSD analysis of SV**° morphology shown in Figure 55 to obtain their domain
spacing. Line a-f indicates the corresponding images in Figure 55.

5.2.2. Thickness dependent microphase separation in slightly selective solvent

vapor

The combined interaction parameter yagN plays an important role in phase separation of
BCPs. For the films under annealing yefr = yap™*®p, Where @, is the polymer volume
fraction, so the degree of swelling influences this parameter directly. Here we annealed
two SV films with different initial thicknesses to a same swollen thickness at the same
temperature conditions to evaluate the effect of the degree of swelling separately. Figure
57 presents the morphologies in two SV*° films upon annealing with initial thicknesses
of 46 nm and 52 nm. The swollen thickness of both films was 94 nm (1.7L,) with degree
of swelling of 2.1 and 1.8 respectively. The film with a higher degree of swelling shows
a mixture of lying lamella and standing lamella with a trend of terracing, so that the in-
plane lamella develops in the thicker areas of the film, and up-standing lamella — in the

lower terrace. The film swelling to degree of 1.8 (Figure 57b, d) displays only standing
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lamella. These results prove that the larger degree of swelling gives the film obviously

higher kinetics since the solvent decrease the viscosity of the film.

46nm, D:2.1 52nm, D:1.8

.-
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Figure 57 SFM (a) (b) height and (c) (d) phase images of SV* films with initial film
thickness of (a) (c) 46 nm (b) (d) 52 nm, annealed by chloroform vapor at 19 °C/20 °C
for 60 min. Their swollen thicknesses are both 94 nm (1.7L).

To find out how film thickness influences the phase behavior of compositionally
symmetric BCPs under slightly selective solvent, the SV* film with initial thickness of
39 nm, 42 nm and 52 nm (measured at different places of the same sample) was
annealed under chloroform vapor at T,/Ts 14 °C/20 °C for 120 min. With increasing film
thickness the annealed morphologies develop from lying lamella (hsw = ~1.3Ly) in Figure
58a, d to standing lamella (hg, = ~1.7L) in Figure 58c, f.
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Figure 58 SFM (a) (c) (e) height and (b) (d) (f) phase images of SV*’ with initial film
thickness of 39 nm, 42 nm and 60 nm, annealed by chloroform at 14 °C/20 °C for 120
min. The degree of swelling is 1.53 controlled by partial vapor pressure.

5.3. Substrate-induced morphological behavior

Substrate property shows strong influence on the phase separation of BCP films when
the film thickness is in the range of its domain spacing. In substrate-supported films the
question of the range of the propagation of the surface field at the substrate to the free

surface, i.e. throughout the film — is still an important issue to study.

5.3.1. Comparison of the swelling behavior of SV*** in films with the thickness

range between under half-layer and over half-layer thickness

In Figure 59 we present kinetics curves of PS, P2VP and SV**° films with the thickness
of ~80 nm under chloroform vapor and also the data of polymer volume fraction
comparing ~40 nm thick and ~80 nm thick films. The volume fraction of thicker films is
systematically higher as compared to thin films of homopolymer samples, while for the
block copolymer the difference is negligible. From the mathematic point of view this

phenomenon is not logical, but in our measurement the ellipsometry detects the change
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of polarization of light and calculates the film thickness based on the refractive index of
the film. It is a very sensitive test method influenced by the film structure and solvent
adsorption capacity, which could lead to the measurement error. From current curves in

(b) we can infer the thicker films swell less than thinner films at the same partial vapor

pressure.
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Figure 59 (a) Kinetics of the stepwise swelling and deswelling of PS (dashed line, 48 nm
thick), P2VP (dash-dot line, 43 nm thick) and SV block copolymer (solid line, 39 nm
thick) as indicate by arrows at 50% 80% 100% of the relative partial vapor pressure of
chloroform (p/py). (b) Polymer volume fraction ®p as a function of the relative partial
vapor pressure of chloroform (p/py) in swollen films of PS (blue triangles, 48 nm thick),
P2VP (red circles, 43 nm thick) homopolymer and SV block copolymer (black squared,
39 nm thick). The swelling has been done at T, = 14 °C and T, = 20 °C

The annealed morphologies of ~40 nm and ~80 nm films of SV**° on the same condition

is shown in Figure 39a and Figure 62c.

5.3.2. Comparison of the microphase separation in SV films on different

substrates

Shown in Figure 60 are ~40 nm thick SV**° films which have been annealed on SiO»,
carbon and hard mask (HM) substrate under identical conditions (chloroform vapor at
19 °C/20 °C with swollen film thickness of ~102 nm on Si for 200 min). SiO, substrate
is about a 2 nm-thick amorphous layer on Si wafer prepared by air plasma treatment.
Carbon substrate is prepared by carbon sputtering on Si wafer, which is usually used as

weakly interacting substrate with both blocks of SV block copolymer.
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HM is a ~50 nm-thick highly cross-linked glassy polymer network with high carbon
content prepared by spin-coating the solution (HM8006-8) on silicon wafer with thermal
treatment at 225°C for 90 s[137]. The films show standing lamella, perforated lamella
with stripe and island defects, and perforated lamella with island defects on each
substrate. The terraces in Figure 60e, f, the film on HM substrate, contain both PS and
P2VP block based on the analysis of the height and phase images together. The color
contrast of the phase image d is inversed with b and f. When the physical properties (like
stiffness, adhesion) of two blocks are very different, phase channel provides reliable
information to distinguish them (e.g. SB). However phase data can also be influenced by
various parameters during the measurement, so that their interpretation is not
straightforward. The physical properties of PS and P2VP show no obvious difference.
So in this case the phase channel is not a reliable tool to distinguish between the two

blocks.

Si02 Carbon HM
hgrys 41,6nm hgry-41nm hyn:37,5nm
h,:102,3nm h.:100,9nm h::92,3nm

15.0 nm

3.0° 30° 30°

600.0 nm Phase ' ~ 600.0 nm

Figure 60 SFM height (a) (c) (e) and phase (b) (d) (f) images of SV390 films annealed in
chloroform vapor at 19 °C/20 °C on (a) (b) SiO; (c) (d) carbon (¢) (f) HM substrate for
200 min. The swollen film thickness of films on carbon and HM is estimated to be 101
nm and 92 nm respectively, based on the degree of swelling of film on silicon substrate.
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Half-layer thick SV*° films on various substrates including Si0O,, carbon and HM were
annealed under chloroform vapor at 19 °C/20 °C to 1.3L, swollen film thicknesses
(Figure 61). The swollen thickness on SiO, substrates is measured by in situ
ellipsometry, but the other two swollen thicknesses on carbon and HM substrates are
estimated from the similar degree of swelling on the same annealing conditions. Due to
the different substrate/film interaction, the degree of swelling may have a little deviation.
The annealing time here was set for 30 min to catch the morphology changing route. The
~80 nm SV**° films are from chloroform solution and their original morphologies are
similar with the ~40 nm film in Figure 67c, d. Taking the ~80 nm SV**° annealed for
long time on Si substrates (Figure 62) into consideration, the morphology could first turn
to be mixture of lying lamella and micelles, and then stripes come out from the micelles.

But to confirm this, more experiments are still needed.

Si02 Carbon HM
hgry: 80,7nm hgr,:80nmM hary:77,3nm
h,:153,3nm h,:153nm h,:146,9nm

£ -10.1nm

600.0 nm

30°

I - 2 N * ¥ A :
Phase 600.0 nm Phase 1.0 ym Phase

Figure 61 SFM height (a) (c) (e) and phase (b) (d) (f) images of SV**° films with dry
thickness of ~80 nm annealed in chloroform vapor of 90% p/py at 19 °C/20 °C with
degree of swelling of 1.9 (based on the film on the SiO, substrate) for 30 min. The
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swollen thickness of the film on SiO, substrate is measured by in situ ellipsometry,
while the swollen thicknesses of those on carbon and HM substrates are approximately
estimated by the same degree of swelling on silicon wafers [137].

5.3.3. Effect of the film thickness in on the phase separation of SV**° block

copolymer on weakly interacting substrates with weak interaction

Figure 62 shows the change of the annealed morphology of SV**° films depending on
film thickness. Under chloroform vapor the film with dry thickness of 42 nm swells to
75,4 nm (0,58L), the thicker one with 78 nm swells to 106,6 nm (0.82Ly). The
morphology changes from perforated lamella in 42 nm thick SV* film to the mixture of
perforated and stripe-like lamella in 78 nm thick film, then to standing lamella in 150
nm thick film. Here we find the effect on morphology to decrease as the film thickness
increases. When the film thickness is above one layer, the effect disappears completely

and the SV film shows bulk phase behavior.

&8 20nm  2°

20nm 10°
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Figure 62 (a) (c) (e) SFM topography and (b) (d) (f) phase images of PS-b-P2VP films
with dry thicknesses of (a) (b) =42 nm, (c), (d) =78 nm and (e) (f) = 150 nm after
annealed in chloroform vapor at vapor temperature of 19 °C and substrate temperature
of 20 °C. The center-to-center distance of period pattern is 132.3 nm in a) 127 nm in (c)
and 128 nm in (e). The lamella height is 4.7 nm in (a), 13 nm in c) and 6.8 nm in (e).
The dot radius is 23.4 nm in (a) and the lamella width (light area) is 66 nm in (c), 80 nm
in (e).

5.3.4. Effect of molecular weight of SV on the efficiency of the solvent

annealing on HM supports

BCPs templates can be used for facile and reproducible transfer of topographic patterns
into photoresist masks. At the same time, as has been shown earlier [137], the swelling
of HM supports affects the microphase separation in block copolymer film. Here we

3% and SV* films on photoresist substrates and on

compared the morphologies in SV
silicon wafers after annealing under chloroform vapor 100% p/po, (Figure 63). The basic
morphologies can be reproduced, but many unexpected micelles exist in Figure 63(c), (d)
(observed from the phase image). It is known, that after annealing of the HM film its
surface is covered by spherical structures which are presumably formed by collapsed
dangled end of the non-crosslinked chains. These spherical features may serve as
nucleation centers for the development of novel structures in the block copolymer film.

These micelles are also found in the lying lamella area in Figure 63g, h.

The analysis of the data for SV block copolymer in Figure 63 suggests that at 100%-

saturated chloroform atmosphere and at long annealing time of 200 min the HM support
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does not bring any difference in the structure development: both films show coexistence

of the first terrace with in-plane lamella and the second terrace of up-standing lamella.
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Figure 63 SFM (a) (c) (e) (g) height and (b) (d) (f) (h) phase images of SV**° and SV**
films on SiO, and photoresist substrate as indication annealed by chloroform vapor at
14 °C/20 °C for 120 min.

5.4. Combined effect of film thickness gradients and surface energy at the substrate

As the combined interaction of film thickness and substrate confines the phase
separation of thin BCP films, we chose some patterned substrates of photoresist and

PDMS to induce ordered morphology in this part.

5.4.1. Phase separation of SV* in films on patterned photoresist substrates

The patterned substrate containing hexagonal arranged pins, as well as spin-coated and
annealed SV* films with their cross-section profiles are shown in Figure 64. The
original patterned substrate contains pins with features of 41 nm height, 56 nm distance
1 and 660 nm distance 2, where the distance 1, 2 is the shortest and longest distance
between every two pins. And the pins have curved side walls. After spin-coating the
BCP accumulates more at the flat area, especially at the small gap (Distance 1), and
stays relatively thin at the top of the pins. This is proved in Figure 64b, e, comparing
with the original substrate. So the film has gradient thickness with patterned
arrangement base on the position of pins. From the values shown in Figure 64e, we can
figure out the thickness difference between the top of pins and the flat substrates are ~20
nm. Since the pins are not grown straightly on the substrate, the distance between every
two pins are also increased. The morphology after spin-cast of SV’ is represented by a
striped pattern, which is not influenced by the gradient in the film thickness. After
annealing in 90% toluene vapor at 14 °C/20 °C with the degree of swelling of 1.3, the
changes of the morphology and film thickness are shown in Figure 64c, f. The striped
pattern presents parallel arrangement at the middle of every 6 hexagonal pins and
perforated trend at the gap between two pins with the short distance. The distance 1
increases but the distance 2 decreases in the cross-section profile indicating the BCP
film at the tops and side walls of the pins moving down to the flat substrate. In this result

the gradient film thickness is successfully obtained and the annealed morphology is
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induced by the change of film thickness, which provides an effective method for tuning
morphology of BCP template on photoresist substrates. More details to the dependence
of the microphase separation on the annealing process and the geometry of the pattern

are summarized in Appendix 10.
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Figure 64 SFM height images of (a) patterned photoresist substrate, a SV*° film from
chloroform on patterned substrate (b)before and (c) after annealing by toluene vapor at
19 °C/20 °C for 60 min.

5.4.2. SV films on wrinkled PDMS substrate

Wrinkled PDMS substrates after oxygen plasma treatment contain SiO; at the surface,
which can also induce the gradient film thickness. Figure 65 presents the SV**° films (b,
e) on wrinkled PDMS (a, d) after annealing in chloroform vapor (c, f). We spin-cast the
SV** film on the wrinkled PDMS substrate with the same conditions for 175 nm film on

flat silicon wafer, where the film is thinner at the top and thicker at the bottom than
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expected. After annealing the film shows same morphology with the chloroform
annealed SV**° films from chloroform solution on flat silicon wafer, meanwhile the

wrinkles of PDMS release after annealing.
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Figure 65 SFM (a) (b) (c) height and (d) (e) (f) phase images of (a) (d) pure wrinkled
PDMS substrate, (b) (¢) SV** spin-cast on winkled PDMS and (c) (f)annealed SV**° by
chloroform vapor for 200 min. The insets are the small areas in the yellow square with
flatten treatment in the software Nanoscope Analysis. If the films are spin-coated on flat
silicon wafers with the same spin-coating parameters, the film thickness will be 175 nm.

To reduce the deformation of PDMS substrate during the vapor annealing, we chose
SV* which can restructure in short-time annealing. The spin-cast films from chloroform

solution on flat Si10,/Si (a, e), wrinkled PDMS (c, g) and chloroform annealed films on
Si0,/Si (b, f), wrinkled PDMS (d, h) are shown in Figure 66. The morphology on
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Si0,/S1 changes from lying cylinder to standing lamella after chloroform annealing. The
film on wrinkled PDMS substrate presents lying lamella at the thick position (bottom of
the wrinkle) and lying lamella at the thin position (top of the wrinkle). But from the
inserted images, this short annealing time cannot prevent PDMS wrinkles from

deformation everywhere.

Si02 spin-cast Si02 annealed PDMS spin-cast PDMS annealed
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Figure 66 SFM (a) (c) (e) (g) height and (b) (d) (f) (h) phase images of 160 nm-thick SV*’
films on SiO, substrates (a) (b)before and (c¢) (d)after, on wrinkled PDMS substrate ()
(fbefore and (g) (h)after, annealing by chloroform vapor at 14 °C/20 °C. The films were
prepared on wrinkled PDMS and flat silicon substrates with same conditions.

5.5. Effect of the starting morphology on the phase separation in SV**° films

5.5.1. Spin-cast morphology of SV**° films from various spin-coating solvents

SV** films from toluene, chloroform and DMF solution were spin-cast on silicon wafers.
Figure 67 demonstrates that the starting morphology can be tuned between dot-like
(spheres), striped (in-plane cylinder or up-standing lamella) and disordered pattern,
respectively, due to the differences in the solvent selectivity to each block. Toluene is a
good solvent only for PS, so the morphology shows sphere with P2VP core and PS shell.
Chloroform can dissolve both PS and P2VP with slight selectivity to P2VP. When we
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annealed the homo polymer thin films (~40 nm) PS and P2VP, the degree of swelling of
P2VP films is about 10% more than PS films on the same conditions (Chapter3). The
domain spacing of sphere and cylinder from toluene and chloroform solutions are 57 nm
and 107 nm, respectively. The phase image in Figure 67d shows that the arrangement of
PS and P2VP is not ordered. DMF is a highly miscible solvent for the PS and P2VP

blocks, so the spin-cast morphology from DMF solution is disordered.

SV390 spin-cast

10.0°
toluene g
28°
CHCI3
-3.2°
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DMF &
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Figure 67 SFM (a) (c) (e) height and (b) (d) (f) phase images of SV** from (a) (b) toluene
(c) (d) chloroform and (e) (f) DMF solution spin-cast on SiO, substrate with thickness of
~40 nm.
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5.5.2. Effect of residual solvent on the structures in SV>*° films from DMF

spin-coating solution

Not only DMF provided good miscibility to PS and P2VP, both blocks appear to have
quite good mobility when the film is swollen in DMF vapor [214]. We annealed the
SV* films at thickness of 15 nm, 27 nm and 46 nm under chloroform vapor, where the
annealed morphologies are quite different from the films from chloroform or toluene
solution. The annealed results in Figure 68 present the perforated lamella when film is
very thin (~15 nm) and the disordered morphologies when film thickness increases to 27
nm and 46 nm. The reason causing this phenomenon could be the residual DMF in the
initial dry films influence the y parameter between PS and P2VP blocks or the surface

tension of them.

15nm

Sensor

Phas . 7 A 1.

Figure 68 SFM (a) (b) (c) height images and (d) (e) (f) phase images of SV** films from
DMF spin-coating solution annealed by chloroform vapor at 29 °C/30 °C for 200 min
with degree of swelling of 2.5. The film thicknesses are shown at the top of each image.

5.6. Summary
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In this chapter, the gradients in the film thickness and surface properties of the substrates
with regards to their influence on the morphological development in BCP thin films are

presented.

First, the films of symmetric lamella-forming SV**° and SV* block copolymers on
silicon wafers with thickness increasing from half-layer to one-layer are annealed in the
vapors of slightly selective solvent (chloroform) and of highly selective solvent (toluene).
SV* and SV* films show bulk lamella-forming morphology after chloroform treatment,
which is typical for symmetric BCPs. SV* films shows cylinder-forming morphology
since the toluene uptake effectively enlarges the volume fractions of the PS block only.
This causes the structural asymmetry of SV*° block copolymer during annealing. Both

kinds of morphology (lamella and cylinder) are influenced by the film thickness.

390
films

Second, the influence of the substrate nature on the annealing behavior of SV
was explored. Carbon-coating, hard mask and photoresist supports are used as substrates
in a view of potential of such films as BCP templates in the area of semiconductor

industry.

Third, the combination of confined film and substrate property are realized by preparing
the films on patterned photoresist (hydrogen silsesquioxane) and wrinkled PDMS (with
Si0, surface-layer). In these cases the annealed morphology of SV* and SV* induced

by gradient film thickness is similar to the morphology on flat silicon wafers.

3% films annealed in chloroform vapors from various initial

Last, the morphology in SV
microphase separated structures is compared. The initial morphology affect the kinetics
of the phase reorganization and the residual solvent from spin-coating is supposed to

contribute to the structure development in thin films.
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6 Preparation of block copolymer-based membranes via

orientated vapor flow treatment

Formation of isoporous membranes is an attractive application of block copolymer
materials. A combination of industrially well-established membrane formation method
by non-solvent-induced phase separation with the self-assembly of a block copolymer
was demonstrated by the group of Abetz in 2007 [154]. In their case, an integral
asymmetric BCP membrane with ordered cylindrical porous as top layer and sponge-like
porous as support layer was formed. The formation of cylindrical porous formation in
BCP films proceeds by two steps: first, the BCP self-assembles to form standing
cylinder structure at the shallow area of the cast swollen BCP film; second, the non-
solvent induced phase separation is guided through the pores by the more compile

component.

Here we introduce a new approach to produce membranes with oriented structure of
nanoscale porosity via oriented solvent vapor flow field, which directs uni-axial
orientation of microdomain in BCP films along the flow direction. The apparatus used in
this chapter is mini-extruder (Avanti Lipids) with syringes for accelerating the air flow
to speed up the solvent evaporation rate (air-solvent exchange rate) in swollen BCP
films. Three kinds of BCPs (SV*”, SV* and SM*") including blocks of PS, P2VP and
PMMA, and several organic solvents (ethanol, chloroform, toluene and THF) covering
solvents with good and bad properties are used in this chapter. Ethanol is a non-solvent
for all blocks, and toluene, chloroform and THF is solvent for all blocks, where toluene
strongly prefers PS than P2VP. The morphology and the cross-section of the films are
measured by SFM and FE-SEM, where the cross-section samples are prepared by Cryo-

390

cutting. The SAXS investigation of the inner structure of SV films was performed at

European Synchrotron Radiation Facility (ESRF) in Grenoble.
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6.1. Preparation, treatment and characterization

PDMS support layers were prepared using SYLGARD kit by mixing the base and
agent in weight ratio of 10:1, locating the mixture in a horizontal polystyrene dish for
still staying for 12 h to exhaust the air bubbles from the mixture. Then the PDMS
support was thermally treated at 80 °C for 2 h. In this chapter PDMS supports with

thickness of 5 mm and 1 mm, depending on the evaporation rate, have been used.

um-thick block copolymer films on PDMS substrates were prepared by solvent casting
of chloroform solutions with a concentration of 0.35wt% and 0.6wt% for SV>*° and SV99,
respectively. When the film thickness increases to ~4 um, it is easy to directly peel the

films off the substrate.

The T, of PS, P2VP and PDMS (~99 °C, ~83°C and ~123°C [174], respectively) makes
the film-breaking in liquid nitrogen for the preparation of cross-sectional profiles for the

measurements in FE-SEM possible, since all polymers stay in a glassy state.

e Processing with the orientated vapor flow
The picture and the sketches in Figure 69 present the oriented vapor flow apparatus and
the assumed evolution of the structure in block copolymer films. The two syringes are
connected by the steel conjunction with PTFE cylinders (the circled write stuff in Figure
69a) inside, which contain a permeable structure to allow for solvent flow. The BCP
films are located between the two cylinders and the steel conjunctions are fixed during

treatment to make the system air-tight.

The sketch of the mini-extruder is shown in details in Figure 69b, where the BCP films,
PDMS films and the PE supports are indicated by the yellow layer, dot-pattern layers
and the cross-line pattern layers, respectively. When the treatment is in progress, the
liquid non-solvent (ethanol) in the syringes (e.g. left) is forced to saturate (oversaturate)
the film, thus decreasing the T, of BCP components and enabling the forced re-
organization. In a next step, the other syringe (right) is pulled out fast to suck the solvent
out of the films, which is expected to accelerate the evaporation rate of solvent. The

following cycles are reciprocated by running the syringes in turns in opposite direction.
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As the treatment circles are repeated many times, the film structure is expected to form a
uni-axial-oriented cylinder or lamella structure extending through the interior of the film

with macrovoids by the flow field according to schematic in Figure 69c.

(b)

—

SV film
PDMS film
“= PE Support

.

Treatment time

Figure 69 The image (a) and the sketch (b) of the vapor flow treatment apparatus used in
this chapter. (¢) The sketch of the expected membrane changing procedure.

6.2. Phase separation in SV films induced by oriented vapor flow

First we chose symmetric SV films to be treated for its relative small molecular weight
and the amphiphilic property. The selected solvent including ethanol (non-solvent),

chloroform (solvent) and THF (solvent and high evaporation rate) is used to treat the
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films. The surface structures of as solvent-cast and of flow-treated films are presented in
Figure 70. The film after solvent-casting shows standing lamella morphology with 3~4
nm depth. After ethanol treatment the standing lamella structure turns to be shallow with
depth less than 2 nm, and a small amount of standing lamella turns to be lying lamella,
but the lamella is relatively competed. After chloroform treatment the morphology of the
film shown in Figure 70c, ¢’ turns to be mixed lying lamella and standing lamella with
defects in the middle of the standing lamella, where the depth of the holes and standing
lamella is ~6 nm. The images in Figure 70d, d’ present the similar morphology with the
ethanol-treated films in Figure 70b, b’ with some defects of micelles. The thermal
treatment under ethanol/THF induces the standing lamella showing lying orientation.
The reason could be THF in the solvent mixture improves the evaporation rate and its

better solubility to the both blocks enhances the mobility of the SV’ film.

Ethanol
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Ethanol + THF

100.0 nm

200°

1.0 pm

Phase 600.0 nm

Figure 70 SFM images of the solvent-cast (a) (a’), ethanol treated (b) (b’), chloroform
treated (c) (¢’) and ethanol: THF=1:1 treated (d) (d°) SV* films with thickness of 1pum
between PDMS supports. Except for (d) (d’) was treated at 50 °C, all the other
treatments were finished at room temperature.

To explore how the bulk structure changes in these films, we compare the cross-section
profiles of SV* films in Figure 71 of (a) the solvent-cast film, (b) the chamber annealed
film by ethanol, and the vapor flow induced films by (c) ethanol, (d) chloroform, (e)
mixed ethanol and THF, (f) mixed ethanol and chloroform. The distinct lying cylinder
structure shows only in (a) the solvent-cast film. The structure of SV* film annealed in
chamber by ethanol shows similar structure as the initial film, which means the ethanol
vapor with normal pressure is not effective to the phase re-organization of SV”. The
porous structure exists in the ethanol and ethanol/THF treated films in Figure 71(c), (e)
with finger-like and sponge-like structure, respectively. The mixed solvent consists of
both a good solvent (THF) and non-solvent (ethanol) to the BCP, where the SV*° film
absorbs THF [215] during the pulling process and ethanol exchanges with THF during
pushing process. In the chloroform and the mixed ethanol and chloroform treated films
there is no porous existing shown in Figure 71(d) and (f). But the mixed ethanol and

chloroform treated SV*° film shows approximate separated lamella structure. These two
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kinds of mixed solvent, ethanol/THF and ethanol/chloroform, have the same proportion

of the non-solvent and the solvent (1:1).

Ethanol : THF = 1:1 Ethanol : CHCI; = 1:1

A 10:1mm x8.00k SE(U s "0 Sodum [NDWE 20KV 100mmai2 0k SEUNEEREE T 400um

Figure 71 FE-SEM images of the cross-section profiles of SV* films which are (a)
solvent-cast, (b) annealed in chamber by ethanol for 200 min and flow treated by (c)
ethanol, (d) chloroform, (e) ethanol: THF=1:1 and (f) ethanol: chloroform=1:1 for 15
min.

Single chloroform treatment has no effect to the phase inversion of SV* films, but the
treatments by non-solvent of ethanol, and the mixed solvents of ethanol/THF and

ethanol/chloroform show trend to produce SV°° membrane with porous structure.
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The drop-casting of ~1 pum SV** film on PDMS substrates presents a mixture of
standing and lying lamella in Figure 72. The depth of stripes is about 19 nm and the

domain spacing of the standing lamella is about 139 nm.

200°

Phase

Height 1.0 ym

Figure 72 SFM height (a) and phase (b) images of the drop-cast SV* film on the PDMS
substrate.

The surface structure of SV>*° film with thickness of ~80 nm which is prepared by spin-
coating on PDMS substrate and then is treated by oriented ethanol flow between PDMS
layers was measured by SFM (Figure 73). The lamella depth at the cross-section with a
yellow line is ~120 nm more than the film thickness indicating the vapor flow forces the
voids between lamella sheets. Since this film is so thin that it is hard to keep the film
entire during the process of peeling the PDMS supports off it, unfortunately, we cannot
check the cross-section profile of this film by FE-SEM.

4500 nm | 150°

Height 1.0 ym

Figure 73 SFM (a) height and (b) phase images of the ~80 nm thick SV**° film treated by
oriented flow of ethanol.
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~1 um thick SV** films treated by ethanol, chloroform and toluene oriented flow at
50 °C are presented in Figure 74. The morphologies after ethanol and toluene treatment
present very similar standing lamella with small area of lying lamella, where the depth
of the lamella is 10 nm-20 nm. The film after treatment of chloroform shows standing
lamella with the same depth of 10 nm-20 nm, and there are connections existing between

two lamellas next to each other.

200°

. -

y »~ = p, X % - - ¥ A == . -
600.0 nm 590.0 nm 600.0 nm

Figure 74 SFM height (a)-(c) and phase (d)-(f) images of SV** films supported by PDMS
substrates with thickness ~ 1um, after treatment of (a) (d) ethanol, (b) (e)chloroform and
(c) (f) toluene at 50 °C for 15 min.

The cross-section profiles of SV**° films were measured by FE-SEM and a presented in
Figure 75. The initial solvent-cast film reveals disordered structure, while the films
treated with ethanol and chloroform flow display lying cylinder-forming structure, but

neither of them presents standing cylinders at the edge area of the films.
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Dip-cast Ethanol CHCl,

Figure 75 FE-SEM images of the cross-section profiles of (a) drop-cast, (b) ethanol and (c)
chloroform treated ~1pum SV**° films on PDMS supports.

The SAXS measurements of the bulk structure in thick films of PDMS substrate, the
solvent-cast film and the vapor treated films are shown in Figure 76. As expected, the
PDMS substrate shows disordered structure and there is no scattering ring or peak in
Figure 76a, e. The SV*° film after drop-casting shows domain spacing of ~116 nm
calculated from the peak position at q of 0.0541 nm™. But the films after treatment with
chloroform and toluene present no scattering period around this position even with the
same sample shown in Figure 75c. However, a closer inspection of the radial scattering
pattern reveals specific signal in the treated films. The data still has to be evaluated
taking into account the residual solvent left in the films during the treatment which

decreases the contrast between the PS and P2VP blocks.
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Figure 76 2D SAXS profiles from (a) empty PDMS substrate and the (b) solvent-cast, (c)
chloroform-treated and (d) toluene-treated SV**° films with thickness of ~1um. (e) the
in-plane plots of the same samples from the 2D results.

6.3. Phase separation of polystyrene-b-poly(methyl methacrylate) (SM) films

induced by oriented vapor flow

The SFM images of SM™ after treatment by mixed vapor of ethanol and THF display
lying lamella morphology in Figure 77. The treatment was done at 50 °C for 15 min and

the proportion of these two solvent is 1: 1.

Height Sensor 600.0 nm Phase 600.0 nm

Figure 77 SFM height (a) and phase (b) images of the ~1pum SM film treated by ethanol:
THF=1:1 at 50 °C for 15 min.

The cross-section profiles of ~1 um SM>° before and after treatment by ethanol, mixed
vapor of ethanol and chloroform and the mixed vapor of ethanol and THF are shown in
Figure 78. The film before solvent treatment shows no obvious cylinder-forming
structure in (a). The structure of the treated films is all lying cylinder presented with
cylinders collecting in the middle of the ethanol treated film, dispreading
homogeneously in the ethanol: chloroform=1:1 treated film and existing not obvious in
the ethanol: THF=1:1 treated film. They all do not present channel or macrovoid

structure in the films.
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500nm

Figure 78 FE-SEM images of the cross-section profiles of (a) drop-cast (b) ethanol, (c)
ethanol: chloroform=1:1 and (d) ethanol: THF=1:1 treated SM films. The films are all
~1 pm, except for the film in (d) is ~500 nm.

In this part we improved our treatment of the films by using flow orientation via only
one syringe containing solvent and the other one being empty with the plug always
being extracted. Since the volume of the syringe is limited, we re-fixed the syringe with
its plug at the start position when its plug arrives at the end. To speed up the solvent
evaporation, the thickness of PDMS supports is reduced to 1 mm from 5 mm which is

used in the experiments described above.

Figure 80 compares FE-SEM images of the cross-sections of flow-treated SV*° SM*” and
SV** films with indicated thickness and treatment conditions. The SV film still shows
disordered porous structure after treatment by ethanol (Figure 80a), similar to the film
under slow evaporation (Figure 79a). The other samples here were treated under fast
evaporation like Figure 79b. The SV**° film shows sponge-like structure after
ethanol/THF treatment (Figure 80b), but this structure is not evenly distributed. The ~3

pm-thick SM*® film contains both bottom-to-up channel structure in scale of several
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micrometers and non-porous structure (magnified in the inserted image) after ethanol
treatment, shown in Figure 80c. When the film thickness increases to ~5 pum, the channel
structure only exists at the shallow edge of the film shown in Figure 80d. Based on the
knowledge of non-solvent induced phase separation in membrane preparation, (1) high
polymer concentration of the cast solution, (2) high viscosity of the polymer and (3)
mixing solvent in the non-solvent — all these factors could be the reason for the sponge-

like structure rather than finger-like structure formation [161].

;
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Figure 79 The record of the cycled vapor flows as a function of time in ethanol treatments.
(a) 6 min/cycling 60 min at 50 °C (b) 0.5 min/cycling 15 min at 50 °C
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Figure 80 FE-SEM images of the cross-section profiles of (a) ethanol treated ~2 pm SV,
(b) ethanol: THF=1:1 treated ~3 um SV** (c) ethanol treated ~3 pm SM™ and (d)
ethanol treated ~5 pm SM’ with single orientated flow between 1 mm thick PDMS
supports.

6.4. Summary

In this chapter an approach to induced oriented microphase separation in thick block
copolymer films via treatment with the oriented vapor flow using mini-extruder is
envisaged to be an alternative to existing methodologies, e.g. via non-solvent-induced

phase separation.

The preliminary tests performed in this study confirm potential perspective of this
method, which alters the structure through the bulk of the film (as revealed by SAXS
measurements), but more detailed studied have to be conducted in order to optimize

following parameters:

e The amount of solvent/vapor purged through the film might not be sufficient to

induce reorganization of the microdomains

-125-



6 Preparation of block copolymer-based membranes via orientated
vapor flow treatment

e Alternatively, the time of the cycled flow has to be adjusted with regards to the
intrinsic relaxation times of polymer chains

e The homogeneity of the solvent distribution, affected both by the concentration
and by the cycling time, has to be assessed

¢ Introducing further technical means to enhance the solvent flow through the film,
e.g. switchable vacuum pump is considered as an optimization option.

e Finally, a proper solvent mixture which can provide the critical concentration for
phase re-separation of BCP films and simultaneously can evaporate fast enough

to drive the macro structure formation has to be optimized.
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Table 4 SFM height images of original patterned substrates, spin-cast SV* films and
annealed SV* films on patterned substrates. The annealing is in toluene vapor with degree

of swelling of ~1.3 at 14 °C/20 °C for 45 min.
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Table 5

vapor with over pressure at 25 °C/30 °C

SFM height images of SV* films on patterned substrates annealed in toluene
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BCP Block copolymer

C Cylinder

D Degree of swelling

DSA Directed self-assembly
FE-SEM Field emission scanning electron microscopy
f; Volume fraction of block 1
GISAXS Grazing-incidence small-angle scattering
GPC Gel permeation chromatography
hy, Dry film thickness

hgw Swollen film thickness

HM Hard mask

n Mole

N; Polymerization of composition i
ODT Order-disorder transition

P/po Partial vapor pressure

Po Saturated vapor pressure

P2VP Poly(2vinyl pyridine)

PB Polybutadiene

PE Polyethylene

PEO Poly(ethylene oxide)

PDMS Polydimethylsiloxane

PL Perforated lamella

PMMA Poly(methyl methacrylate)

PS Polystyrene

Ps Saturated vapor pressure

PSD Power-spectral-density

PTFE Polytetrafluoroethylene

PVD Physical vapor deposition

PVP Poly(2vinyl pyridine)

-156-




11 Abbreviations

RIE Reactive-ion etching
RT Room temperature
SAXS Small-angle X-ray scattering
SEM Scanning electron microscopy
SFM Scanning force microscopy
STM Scanning tunneling microscopy
SB PS39-b-PB7;
sccm Standard cubic centimeter per minute
SV Polystyrene-block-poly(2-vinylpyridine)
390 Polystyrene-block-poly(2-vinylpyridine) with molecular weight of
SV 390 kg/mol
- Polystyrene-block-poly(2-vinylpyridine) with molecular weight of
99 kg/mol
SVA Solvent vapor annealing
T, Temperature of glass transition
T, Temperature of substrates
T, Temperature of vapor
digit 1 °C/
digit 2°C Temperature set (T,/Ts)
% Flory-Huggins interaction parameter
Aeff Effective Flory-Huggins interaction parameter
D, Polymer volume fraction
Dsr Effective polymer volume fraction

-157-




12 List of Figures

12 List of Figures

Figure 1 Evolution of structure with the combined parameter N for a symmetric, di-block
copolymer with f= 0.5. When yN~10, small variations in system entropy ("N*) or energy (~y)
leads to ordered (yN =10) or disordered (yN<<10) states. A homo-generous composition
profile (4A versus r) results when entropic factors dominate (yN << 10), whereas a strongly
microphase segregated pattern characterizes the limit where energetic factors prevail (yN > >
10). Reprinted from Reference [70]......ccceecieeecieeeiee et eee et e tre et aae e st e e e e sareeenns 10

Figure 2 A theoretical phase diagram for a conformationally symmetric diblock copolymer
melt. Reproduced from Reference [75] with permission from The Royal Society of Chemistry. 11

Figure 3 Experimentally determined phase diagram of Pl-b-PS. Reprinted from Reference
[76]. 12

Figure 4 Diblock copolymer thin film morphologies. (a) Schematic representation of volume
symmetric diblock with A (light) and B (dark) type segments. (b) Diagram of BCP film system in
cross section indicating the bottom (1) and top (2) surfaces, with surface interaction energies
S1 and S2, respectively. (c) Summary of diblock thin film morphologies, generally organized by
their appearance as film thickness decreases from L,. These calculated cross sections indicate
the density of B-type segments, i.e., Black=100% B, white=100% A. These structures are
referred to in the text with the abbreviations included under each diagram. FL: symmetric
surface-parallel full lamella; AFL: anti-symmetric surface-parallel lamella; AHY: anti-symmetric
hybrid structure; HL: half-lamella; HY: symmetric hybrid structure; PL: surface-perpendicular
lamellae. Reprinted from Reference [83] .....uuei ittt brree e e e e e 13

Figure 5 (a) Nanopattern revolution of the block copolymer thin film of PS-b-PB and the
SFM phase image of SB morphology. The SFM phase images (1 x 1 um) present examples of the
surface structures on carbon-coated (left) and silicon oxide (right) substrates at the indicated
film thickness. Reprinted from Reference [84]. ... uiieeeciiiee et et 14

Figure 6 Phase diagram of the surface structures on a weakly interacting surface (carbon
coating) under strong surface field with a preference for the majority component (silicon oxide).
The SFM phase images (1 x 1 um) present examples of the surface structures on carbon-coated
(left) and silicon oxide (right) substrates at the indicated film thickness. Reprinted from
[ (=] = A ToL= 0 2 PR 15

Figure 7 (a) Schematic illustration of epitaxial self-assembly exploiting nanoscopic chemical
patterns to direct BCP self-assembly [97]. (b) SEM image showing defect-free lamellar patterns
attained by epitaxial self-assembly [97]. (c) Schematic illustration of graphoepitaxy utilizing
topographic pattern to direct BCP assembly [98]. (d) SEM image showing highly aligned lamellar
patterns prepared by graphoepitaxy [99]. Reprinted from Reference [86] with permission from
Elsevier. 17

Figure 8 Composition dependence of the free energy of mixing for a symmetric polymer
blend with the product xN=2.7 (top figure) and the corresponding phase diagram (bottom
figure). Binodal (solid curve) and spinodal (dashed curve) are shown on the phase diagram.
Reprinted from Reference [100]. .......coiiiiiiiiiiiee et e e e see e e e stae e e e sbae e s e eabae e e eares 18

Figure 9 Top view SEM images of assembled BCP films of five different thicknesses on PG4-
modified substrates (annealed at 190 °C). Reprinted from Reference [116]........ccccceeecurereennnen. 20
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Figure 10 Sketches of primary methods of solvent vapor annealing in A, with (a) static
annealing, (b) static annealing with gas flow to control swelling and deswelling process, (c)
dynamic annealing with controlled solvent vapor flow. Examples of the annealing setups used
in current researches in B, (a) static annealing with in situ monitor for film thickness, (b)
dynamic annealing with controlled feedback loop [141], (c) dynamic annealing with controlled
mixture of solvent [138], (d) dynamic annealing with highly precise controlling of annealing
time. Reproduced from Reference [138; 141; 142]. ... cciiiiiee ettt eecrree e e e e e vraee s 22

Figure 11  Reversible morphology control through solvent processing as probed in situ and in
real time with GISAXS. Thin films with spherical morphology obtained through acetone vapor
treatment are shown to transition to parallel cylinders upon THF vapor annealing and returned
to a spherical morphology upon successive exposure to acetone vapor. Reprinted from
U (=] =T o Tl [ 7 ) PO UUPRNS 24

Figure 12  Schematic view of the solvent evaporation in a thin block polymer film illustrating
the concept on an ordering front that propagates through the film. Reprinted from Reference
[107]. 25

Figure 13  Nonisotropic nucleus growth during macrovoid formation in membranes.
Reprinted from BOOK [161]. ...uuiiiiiiiee ettt ettt e et e e e e ete e e e e eabae e e eeabae e s eenbaeeeennnees 26

Figure 14 Mechanism of phase separation during membrane formation. Reprinted from Book
[161]. 27

Figure 15 Different membrane morphologies caused of different types of demixing.
Reprinted from Reference [162]. ......uue i ciie ettt e e etee e e e bee e e eeabe e e e e abae e e enres 28

Figure 16  Film thickness of SV**®° films prepared from solutions in Toluene and DMF as a
function of the polymer concentration in spin-cast solution with constant acceleration of 2k
rom/min. The influences to the film thickness from spin-coating condition (rotational speed)
are also displayed in the plot, as indicated by symbols. Notation Nk corresponds to N thousands
FOUNDS PO MINULE. 1evviiiiiiiiie it ettt eeette e e e ettt e e e stee e e ssabaeeeesabeeeeessbeeeesssbaeeeaasseeesesseeesesseessennsens 33

Figure 17  Film thickness of (a) SV**° and SV*, (b) PS184, P2VP105 films prepared from
chloroform solutions as a function of the spin-cast solution concentration. The comparison
between different spin-coating conditions (rotational speeds) is displayed in (a), were notation
Nk corresponds to N thousands rounds per MiNULE..........ccovecieiiiiiiie e 34

Figure 18 Schematics of ellipsometric measurement principle. Copyright of Reference [170].
37

Figure 19 Interference within a transparent thin film. Copyright of Reference [171]. ........... 39

Figure 20 (a) Scheme of depicting feedback loops in XY and Z to create an SFM image. (b)The
force related with distance between the approaching tip and the sample. Reprinted from Ref
[202] 40

Figure 21  Effect Of tip radiUs. cooooueee ettt et e et e e e abee e e e 41

Figure 22 Scheme of Force vs. Tip-sample separation of PeakForce mode and the typical
images obtained by this mode. Reprinted from Ref [206]. ......ccccoeciiiiieiiie i 42

Figure 23  (a)The sketch of the whole annealing system (b) the picture of the solvent vapor
controlling reservoir with the sketch of the solvent capsule.........ccccueeeieciiiiicciiei e, 46
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Figure 24  Picture and sketch of the annealing chamber used in our experiments. T, and T, are
the temperatures of the vapor and the substrate respectively. (a) The metal wall of the
chamber. (b) is the transparent window for in situ ellipsometry measurement. (c) The vapor
tube connected to the solvent vessels settled in the thermostat reservoir. (d) The cycling water
to maintain the substrate at a setting temperature. The Teflon chamber has the vapor tube
facing each other, but the steel chamber has them on the same side. ........cccccvvveeeieeiecnnnnnnn. 48

Figure 25 Polymer volume fraction of SV (~40 nm) films as a function of stepwise increasing
of the partial vapor pressure (p/po) of chloroform at temperature set (T,/T;) of 14 °C/20 °C in
steel and Teflon ChamMBEIS. ... e e et e e e e e e e baraaaeeaeeean 49

Figure 26  Kinetics curves of ~40 nm SV** films under chloroform vapor, when the partial
vapor pressure changes from 0 to 100% at 24 °C/30 °C in the steel chamber with two annealing
YA (=] 1 a3 I [T Tor= (<o FO U UUR RSP 50

Figure 27 The saturation pressure curves of toluene and chloroform increasing as the
temperature does. The blue curve with triangles indicates chloroform and the black curve with
Yo [ g LYo [Tor= L { =T o] [V T=T o 1T USRI 51

Figure 28  Kinetics curves of ~40 nm SV**° films in (a) Teflon chamber with toluene vapor at
19 °C/20 °C (b) steel chamber with chloroform vapor annealed at room temperature.............. 54

Figure 29 Comparison of the degree of swelling of SV** ~40 nm thick films between room

temperature and maintained at 19 °C/20 °C in chloroform vapor with 100% p/p, at total flow of
20 sccm, 50 scem, 80 sccm and 100 SCCM...cciiiiiiiiiiiiiiiieeeeeeeee e 54

Figure 30  Polymer volume fraction ®, of SV film with dry thickness of ~40 nm under stepwise
increasing partial vapor pressure of chloroform at T, = 14 °C, T, = 20 °C (black triangle) and T, =
S I O A 1 0 R O { o] [V T=I Yo [V =1 <) PP 56

Figure 31 Comparison of the degree of swelling of PS and P2VP films with 40 nm dry
thickness upon step-wise increasing partial pressure of chloroform vapor. The dashed lines
indicate the film annealing at a vapor temperature of 14 °C and a substrate temperature of
20 °C. The solid lines are 19 °C and 20 °C respectively. The insert is the increase ratio of PS and
P2VP films under each partial Vapor PreSSUIe. ......ccueeicciieee et eeee e e ebre e 58

Figure 32 The stepwise swelling (a)and deswelling (b) curves of PS (blue line, ~42 nm thick),
P2VP (red line, ~41 nm thick) films as indicate by arrows at 20% 30% 40% 50% 70% 80% 100%
of the relative partial vapor pressure of chloroform (p/po) at 19 °C/20 °C. (c) polymer volume
fraction of the swelling and deswelling of PS and P2VP ........c..uviiiiiiiiiiiieee et 60

Figure 33  Refractive index as a time-resolving function of PS (42 nm) and P2VP (41 nm) films
in chloroform vapor with step-wise increasing of partial vapor pressure at 19 °C/20 °C. .......... 61

Figure 34  The kinetics curve of the ~40 nm SV*® film under stepwise increasing partial vapor
pressure of (a) toluene and (b) chloroform with the indicated values in the plots. The separated
temperatures of vapor and substrate are 19 °C and 20 °C. (c¢) The comparison of polymer
volume fraction in toluene and chloroform vapor annealing at stepwise increasing partial vapor
PrESSUIE At 19 PC/20 “Couurriinreeeeieee ettt et ettt et e et e e e te e et e eeatee e taeeeaseeetesessseeenteseasseeenseeesareeans 64

Figure 35 (a) Kinetics curves of the stepwise swelling and deswelling of PS (green triangle, 48
nm thick), P2VP (red circle, 43 nm thick) and SV block copolymer (black square, 39 nm thick) as
indicate by arrows at 50% 80% 100% of the relative partial vapor pressure of chloroform (p/po)
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at T,= 14 °C and T,=20 °C. (b) The polymer volume fraction as a function of p/py based on the
CUTVES N (@)1 cuvvvrereeeeeiiiiitireeee e e et eeeeitreeeeeeeeeesetbrereseeeeeeaassbaaeeeseeseaasareeeseeeessaasssreseeesesesnssbrreneseseeens 65

Figure 36 Time-resolved swollen thickness (h; left axis, solid line) of SV film under variation of
(right axis) T (dashed line) and T, (dotted line) in (a) 100% (b)50% p/p, chloroform vapor at
temperature of A,A’ 20/30°C, B,B’ 25 °C/30°C, C,C’ 29 °C/30°C, D,D’ 29 °C/35°C, E’ 29 °C/40°C,
F’ 39/40°C. Degree of swelling as a function of temperature interval at constant vapor (c) and
substrate (d) temperature under 100% and 50% partial vapor pressure of chloroform. ........... 67

Figure 37  SFM topography (a) (b) and phase (c) (d) images of spin-cast SV**° ~40 nm film (a)
(c) and after annealing (b) (d) at T, = 29 °C, T, = 30 °C for 20 min, where the curve is shown in
= U T =ICT Y ) TSRS 69

Figure 38  SFM topography images (a) (b), phase images (c) (d) of 40 nm SV** films annealed
by chloroform for 200 min. Area for PSD analysis is shown in (e) (f). The annealing condition
and degree of swelling are presented on the top of the image. ......ccccceeeecciiieeeeiceccccciieeeeee, 70

Figure 39  SFM topography images (a) (b), phase images (c) (d) of 40 nm SV*% films annealed
by chloroform for 200 min. Area for PSD analysis is shown in (e) (f). The annealing condition
and degree of swelling are presented on the top of the image. .......cccceecieiieciiiiccee e, 72

Figure 40 Power spectrum density analysis by Nanoscope Analysis of the annealed ~40 nm
SV** films at various temperatures. Their morphologies are shown in Figure 38 and Figure 39.
73

Figure 41 Height image (a), deformation image (b) and log Modulus image (c) from peak
force module of SV**° ~40 nm film annealed by chloroform at 25 °C/26 °C. (b), (c) are the area
Of the red SQUANE 1N (3) weeiecvieeeieiiiee ettt e e e e te e e e et te e e e e bt e e e e ebteeeseasteeeeeseaeeesstanaeanns 74

Figure 42 SFM topography images of the free surface (a) (c) of the film and the interface (e)
(f) between the film and the substrate from the SV** film with thickness of ~40 nm annealed by
chloroform vapor at 24 °C/30 °C. (c) (d) (g) (h) are their phase images respectively. ................. 76

Figure 43 SFM topography (a) and phase (b) images of the metalized stripes from ~40 nm
template of SV**films annealed by chloroform vapor on silicon wafer. FE-SEM images (c) (d) of
the same sample, where the bright wires are Pt. The profile curves (e) of the cross-section line
in (a) shows the height of the PLWIIES. ......cccvieeiiiiiieeceeee ettt ere e 78

Figure 44  (a) (c) (e) (g) SFM topography images and (b) (d) (f) (h) phase images of SV**° ~45
nm film annealed by chloroform at 24 °C/30 °C (i) profile curve of cross section of the red line
(oY a0 0T =L (=) OSSR 80

Figure 45 (a) (c) SFM topography images and (b) (d) phase images of SV**° ~40 nm film

annealed by chloroform at 24 °C/25°C with degree of swelling of 1.78, (e) the profiles of cross-

section at the yellow line in (a) (black) and (c) (blue). In (a) the stripes have height of 7.4 nm in

average and width of 51 nm in average. The domain spacing of (a) is ~109 nm and (c) is ~55 nm.
82

Figure 46 (A) SFM topography images (a) (c) and phase images(b) (d) of etched block
copolymer template indicating the procedure of (b) and (c) in (A). (B) The cross-section profile
of SV**° template on silicon wafer before (a, black), after (b, red) etching and the etched Si
wafer (c, blue). (C) The sketch of etching procedure treated on SV template shown in Figure
38b with (a) before etching (b) after etching with residual polymer (c) after removing the
(T o TN E=T oo ] 1Y/ o U=T USRS 84
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Figure 47 Kinetics curves of stepwise deswelling of ~40 nm PS and P2VP films under
chloroform vapor with swelling rate. The swelling curves are from Figure 32b. .........cccccveeene 85

Figure 48 SFM height images of spin-casted SV**° films from toluene by staying at room
temperature for 24h (a), stirring at room temperature for 24h (b), staying at 4 °C for 24h with
their optical images below reSPeCtiVElY. ... 86

Figure 49 SFM height images (a)-(c) & (g)-(i) and their corresponding phase images (d)-(f) &
()-(I) of time-resolved morphology of SV** ~40 nm film on silicon substrate annealed by
chloroform at 19 °C/20 °C with their FFT transfer images. The periodic distance and annealing
time are labeled 0N €aCh IMAGE. ... ..iii i 87

Figure 50 height images (a)-(c) & (g)-(i) and their corresponding phase images (d)-(f) & (j)(k)-(1)
of time-resolved morphology of SV**° ~40 nm film on amorphous-carbon-layer covered silicon
substrate annealed by chloroform at 19 °C/20 °C with the periodic distance and time on each
image. 88

Figure 51  Kinetics curve of ~40 nm SV**° film annealed in chloroform vapor with its thickness-
depending morphology at 1min, 5 min and 10 MiN. ......cccoiiiiiiiiie e 89

Figure 52 SFM height and phase images of SV** films with dry thickness from 36 nm to 61
nm annealed by chloroform with degree of swelling of 1.65........cccceeiviiiiiiiiiei e, 93

Figure 53 SFM (a) (c) (e) height and (b) (d) (f) phase images of SV** annealed under
chloroform vapor on SiO, substrate at 19 °C/20 °C for 200 min with a degree of swelling of 2.5.
94

Figure 54  SFM (a) (b) (d) (e) height images of SV*®* template(a) (d) and metallization(b) (e)
and their cross-section profiles (c) (f). The templates are prepared by annealing ~40 nm SV3%
films under chloroform vapor to swollen thickness of (a) 64 nm (d) 100 NM. ......cceeeeeevieeennnen. 95

Figure 55 SFM height (a)-(f) and phase (a’)-(f’) images of SV*° annealed by selective solvent
vapor toluene at 19°C/20 °C for 60 min with initial thickness increasing from 14 nm to 35 nm.
The degree of swelling is 1.8 during anNaling.........ccoocvviiiiiiiiie i 96

Figure 56  PSD analysis of SV** morphology shown in Figure 55 to obtain their domain
spacing. Line a-f indicates the corresponding images in Figure 55. ......ccccocivieiiiieeeciiieee e, 97

Figure 57 SFM (a) (b) height and (c) (d) phase images of SV* films with initial film thickness of
(a) (c) 46 nm (b) (d) 52 nm, annealed by chloroform vapor at 19 °C/20 °C for 60 min. Their
swollen thicknesses are both 94 NM (1.710) uueeeccreieeeiieeeeeeieee et cerree et e e e eerreeeeenreee s 98

Figure 58  SFM (a) (c) (e) height and (b) (d) (f) phase images of SV*° with initial film thickness
of 39 nm, 42 nm and 60 nm, annealed by chloroform at 14 °C/20 °C for 120 min. The degree of
swelling is 1.53 controlled by partial vapor PreSSUre. ........cueeeccieeeeciieee e e eaaee e 99

Figure 59 (a) Kinetics of the stepwise swelling and deswelling of PS (dashed line, 48 nm thick),
P2VP (dash-dot line, 43 nm thick) and SV block copolymer (solid line, 39 nm thick) as indicate
by arrows at 50% 80% 100% of the relative partial vapor pressure of chloroform (p/po). (b)
Polymer volume fraction ®p as a function of the relative partial vapor pressure of chloroform
(p/po) in swollen films of PS (blue triangles, 48 nm thick), P2VP (red circles, 43 nm thick)
homopolymer and SV block copolymer (black squared, 39 nm thick). The swelling has been
done at Ty =14°Cand T =20 Curreiiieiiieeeeeee 100
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Figure 60 SFM height (a) (c) (e) and phase (b) (d) (f) images of SV390 films annealed in
chloroform vapor at 19 °C/20 °C on (a) (b) SiO, (c) (d) carbon (e) (f) HM substrate for 200 min.
The swollen film thickness of films on carbon and HM is estimated to be 101 nm and 92 nm
respectively, based on the degree of swelling of film on silicon substrate. ...........ccccceeeevieeenns 101

Figure 61  SFM height (a) (c) (e) and phase (b) (d) (f) images of SV**° films with dry thickness
of ~80 nm annealed in chloroform vapor of 90% p/p, at 19 °C/20 °C with degree of swelling of
1.9 (based on the film on the SiO,substrate) for 30 min. The swollen thickness of the film on
SiO, substrate is measured by in situ ellipsometry, while the swollen thicknesses of those on
carbon and HM substrates are approximately estimated by the same degree of swelling on
SHHCON WATEIS [137]. cieiii ittt e e e e e et re e e e e e e e e s bbbae e e e e e e e e antsaaeeeeeaeeesnnsrsaeees 102

Figure 62 (a) (c) (e) SFM topography and (b) (d) (f) phase images of PS-b-P2VP films with dry
thicknesses of (a) (b) =42 nm, (c), (d) =78 nm and (e) (f) = 150 nm after annealed in
chloroform vapor at vapor temperature of 19 °C and substrate temperature of 20 °C. The
center-to-center distance of period pattern is 132.3 nm in a) 127 nm in (c) and 128 nm in (e).
The lamella height is 4.7 nm in (a), 13 nm in c) and 6.8 nm in (e). The dot radius is 23.4 nm in (a)
and the lamella width (light area) is 66 nm in (c), 80 NM iN (). ceeevveeerrreerieeeie e 104

Figure 63  SFM (a) (c) (e) (g) height and (b) (d) (f) (h) phase images of SV**° and SV* films on
SiO, and photoresist substrate as indication annealed by chloroform vapor at 14 °C/20 °C for
120 min. 106

Figure 64 SFM height images of (a) patterned photoresist substrate, a SV* film from
chloroform on patterned substrate (b)before and (c) after annealing by toluene vapor at
19 PC/20 PCTOr B0 MM .iiitriiiiiiriee ittt e ettt e e sttt eeesetaeeessstbeeesssbbeeesssbbteessarbeeessssbaeessssbeeessabeeessns 107

Figure 65 SFM (a) (b) (c) height and (d) (e) (f) phase images of (a) (d) pure wrinkled PDMS
substrate, (b) (e) SV**° spin-cast on winkled PDMS and (c) (f)annealed SV3*® by chloroform vapor
for 200 min. The insets are the small areas in the yellow square with flatten treatment in the
software Nanoscope Analysis. If the films are spin-coated on flat silicon wafers with the same
spin-coating parameters, the film thickness will be 175 NM. .....cccvviieiiieeeccee e, 108

Figure 66  SFM (a) (c) (e) (g) height and (b) (d) (f) (h) phase images of 160 nm-thick SV films
on Si0O, substrates (a) (b)before and (c) (d)after, on wrinkled PDMS substrate (e) (f)before and
(g) (h)after, annealing by chloroform vapor at 14 °C/20 °C. The films were prepared on wrinkled
PDMS and flat silicon substrates with same conditions. .......ccccccevviieiieeecii s, 109

Figure 67 SFM (a) (c) (e) height and (b) (d) (f) phase images of SV**° from (a) (b) toluene (c) (d)
chloroform and (e) (f) DMF solution spin-cast on SiO, substrate with thickness of ~40 nm. ... 110

Figure 68 SFM (a) (b) (c) height images and (d) (e) (f) phase images of SV** films from DMF
spin-coating solution annealed by chloroform vapor at 29 °C/30 °C for 200 min with degree of
swelling of 2.5. The film thicknesses are shown at the top of each image..........ccccceeeuveeeennnen. 111

Figure 69 The image (a) and the sketch (b) of the vapor flow treatment apparatus used in this
chapter. (c) The sketch of the expected membrane changing procedure...........cccceeeevveerreennee. 115

Figure 70  SFM images of the solvent-cast (a) (a’), ethanol treated (b) (b’), chloroform treated
(c) (¢’) and ethanol: THF=1:1 treated (d) (d’) SV* films with thickness of 1um between PDMS
supports. Except for (d) (d’) was treated at 50 °C, all the other treatments were finished at
FOOM LEMPEIATUIE. ittt et s e e e e e et aa s e s e e e e eeeaaaeeseeeeeesaraaseeeeesenesnns 117
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