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ABSTRACT: The dynamics of early stage of terrace formation in thin supported films of cylinder forming triblock
copolymers was studied both theoretically using self-consistent-field theory (DSCFT) and experimentally by in-
situ scanning force microscopy (SFM). In experiment, an initially flat film of incommensurable thickness was
imaged continuously, and the evolution of a vertical orientation of cylinders into a parallel one as well as the
respective development of thickness gradient (terrace formation) was captured in detail. On the grounds of these
experimental observations, the parameters of the computational megBelAA were determined to match the
structures in experiment. Both systems show excellent agreement in details of structural phase transitions and in
the dynamics of the step development, suggesting that the underlying transport mechanisms are governed by
diffusion. The early stage of terrace formation is characterized by the development of the step height up to 80%
of its equilibrium value and associated reorientation of cylindrical domains.

1. Introduction of macroscopic size such as islands, holes, or bicontinuous

patterns with two distinct thicknessesy and fi + 1)co

are formed to satisfy the thickness constraint. Experimentally,

nucleation and subsequent growth of surface relief structures,

also calledterrace formation have been investigated mostly

for lamellar systems as a function of surface fiéidsmolecular

architecturé,film thickness!®!tand annealing conditiorfs-1-12

The specific behavior of block copolymers in thin films is The coarsening of the surfac_e mac_rodomams is typically
followed by time-resolved optical micrographs or surface

primarily dictated by the enhanced role of surface/interfacial force microscopy (SFM) topographs, and the averaged macro-
energetics as well as by the interplay between the characteristic Py pograpns, Y

block copolymer spacings and the film thicknéssPreferential ggg?rl:inéildIlfl?heasde?/ergnr%“e%r': gff si??zi:ac‘elmr%uc?n:gg?nosn IZn
attraction of one of the blocks to the surface breaks the . - . : : P . 9

symmetry of the structure and favors layering of microdomains |n|t|aIIy. smooth film starts a'feady durmg the early stages (.)f
parallel to the surface plane through the entire film thickness. filrzr:aeilgt]i?.th-gh(?or;er:lr:r?seurgtle)llgehttﬁicﬁﬁgggggu;rlg ;Chhailg\?: d WTItt:]e
As a result, the energetically favored film thicknesses are difference in the neighboring terraces heights up to éOO/
then quantized with the characteristic structure period in the " e 9 g Y P 70
bulk (denoted here as for cylinder-forming block copolymers). of its equilibrium value was shown tp develop already .durlng
The surface topography depends on the initial film thickness the early stage of terrace formap@ﬁn.On a longer lt|me

ho of as-cast substrate-supported film. Whgrdeviates from scale (compared to scales of intrachain dynamics) the

. . o : ttern of terraces is still coarsening. This proceeds due to the
nc (for symmetric wettin ndition raphical f r patter . ; . ) ;
& (for symmetric wetting conditions), topographical features effective line tension of the two-dimensional islands (holes)

which tends to minimize the total length of the terrace edges
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Block copolymers belong to the class of ordered fluids, which
self-assemble into microdomains with characteristic lengths
ranging from 10 to 100 nm. The morphology type and the
characteristic dimensions are controlled by the block copolymer
composition, the interaction between the blocks, and the total
chain lengthN.t
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constant. An extended summary of these studies can be foundf this type of method, can be found in refs 29 and 31. The
in recent review$:14-16 chain conformations at each point in time are specified by fields,
It is now well-established that a cylinder-forming block and the dynamic equations for the fields describe the collective
copolymer under confinement and strong surface fields forms diffusive dynamics of the polymer system; hydrodynamic effects
microstructures that deviate from that of the corresponding bulk are neglegted. We remark that hydrodynamic phenomena are
material. Surface structures like lamella (L), perforated lamella known to play only a minor role in the evolution of many

(PL), perpendicular cylinders (§; cylinders with necks ({Co), systems, in particular in dense block copolymer systems.
and spheres on a top of a perforated lamella (PL-S) are examples In the following we shortly review the DSCFT that was also
of simulated’1° and experimentally observed morphologfe% used in our earlier experimental/computational stifdi€s?0.45

that are formed in thin films of bulk cylinder-forming block — and discuss the coarse-grained variables and parameters we have

copolymers. While the equilibrium structures in thin films of chosen for the model.

block copolymer have widely been investigated, the dynamics Molecular Model and the Free Energy Functional. An

of nanostructured fluids in thin films are an issue of a recent ideal Gaussian chain is used as molecular model in the

interest27.28 microscopic Hamiltonian. The chemical composition of the
The modeling part of this paper was inspired by unique in- polymer molecyle is reflected by bequ of different types,

situ SFM measurements of terrace formation, where both the 1@beled by the index. On a coarse-grained level, the micro-

macroscale development of the thickness gradient and the relatedt'Ucture patterns of polymeric systems are described by the

microscale phase transitions were resolved. The calculationaldensity fieldspi(r). We consider a system of volunewhich

method based on the dynamic self-consistent field theory containsn molecules of the length. The free energy for such

(DSCFT), originally proposed by Fraaf@has been previously ~ & Systém can be expressed as

used to model the pattern formation in confined environment. )

The calculations matched the SFM experiments in great detail. F[p] = —KTIn ¥"/n! — ZLUl(r) p(r)dr + F”'d[p] Q)

Moreover, the theoretical approach provides decisive under-

standing of the experimental results as it allows more extensive ] - ] ] ) )

variation of the system parameters than one could achieve inHereW is thg partition functhn for the ideal Gaussian chr?un of

experiments. In our earlier work we identified deviations from the lengthN in the external fielddJ,. The external potentials

the cylinder bulk morphology as surface reconstrucfibasd Ui and the density fieldpi are bijectively relatett in a self-

constructed phase diagrams which allow to distinguish betweenconsistent way via a density functional for the Gaussian ctfain.
surface field and confinement effedfsto24Further. in recent ~ F"° is the contribution due to the nonideal mean-field interac-

study we found that thelynamicsof elementary structural  tions. For the cohesive interaction between the beads a Gaussian

transition in experiment and simulation well accord. We Kernelis used:
demonstrated that DSCFT describes the microdomain dynamics 3 \an
on long time scales in great det&ilFurthermore, quantitative eyt — 1) = g%(—z) g 32
analysis of defect motion led to an estimate of the interfacial
energy between the cylinder and the PL phases. o
In our previous worf® we have introduced a DSCFT-based The strength of the interactiors; (in kJ/mol), is directly
model of a block copolymer film with a free surface and related to the FloryHuggins parametery; = 100Q:)/NKT).
considered the dynamics of terrace development. Here, weThe input to the free energy functional is
rationalize the parametrization choice of this earlier study and 1
focus on a detailed quantitative comparison of the early stage cohy 7 _ = o ' '
of terrace formation with the actual experiment. The paper is Felp] = ZZ“[\" j\‘/EIJ(r r) pi(r) py(r') drdr” - (2)
organized as follows: First, we introduce the computational '
model of free surface and related parameters. Next we describerhe compressibility of the system is included via
continuous in-situ SFM measurements of the dynamics of the
surface relief structures and phase transitions in thin triblock Ky,
copolymer film under solvent annealing. Then we present the Fip] = —L(Z v,(o,(r) — p,9))*dr (3)
results of the parametrization of the model system aiming to 2
match the experimentally observed structures. Finally, we
analyze and compare the development of the thickness variationHereky is Helfand coefficientp,0 is the average concentration
(terrace formation) and the related phase transitions in compu-of the component, andv, is the bead volume.
tational simulation and in in-situ experiment and discuss the  Solid Substrate.The solid surfaces are treated like hard walls,

underlying mechanisms. also called “mask fields”, which constrain a thin film by keeping
the flux perpendicular to the substrate equal Z8¢5.In the
2. Method unconstrained directions, periodic boundary conditions are used.

The interactions with the masks are taken into account in the
same way as the interaction between the beads. The surface
field induced term inFnid js

2.1. Theoretical Model. The mesoscopic DSCFT employs
a coarse-grained field description of the polymer system. The
free energy, however, is based on a microscopic Hamiltonian
and therefore explicitly incorporates the specificity of the 1
polymer chain. Furthermore, we use a separation of scales and=suf ;] = = —r ' '
consider a time scale at which, for given fields, the polymer * Le] ZZ Zj;"["elM“(lr "D () pM“(r ydrdr' (4)
chains are fully relaxed. The field dynamics is then given by a
standard set of stochastic Langevin equations, where thewherepy,(r') describes the position of the magiu((r') is equal
stochastic terms represent mesoscopic fluctuations, accordingo 1 if r' belongs to the mask or 0 if belongs to the polymer
to the fluctuation-dissipation theorem. An overview, and details  film).
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Figure 1. Schematic representation of the simulation setup. The

corresponding interactions between system components are indicated

by arrows. Block copolymer molecule is represented by the beads-
and-springs model. An 8s molecule is shown for simplicity.

Free Surface.The free surface is created via introducing a
void component. The void component is treated as a single-
bead bad solverif:3 Initially, the block copolymer film is
macroscopically phase separated from the void component. Th
interactions with this void component are taken into account in

the same way as the interaction between the polymer beads (viath

additional interaction parametesg).

Input Configuration. The numerical schemes explicitly
consider the external potential fielt*3 instead of the density
fields. Therefore, the input densitigs™" cannot be imported
directly. They are generated by iterative optimizatiorlefr)
with initial valuesU,(r) = O prior to the application of the
dynamic scheme. An update of the external potentials is accepte
when the difference between the input densitig$" and
pi(U)) is smaller than some preset valiex 1.

Dynamic Equations. The thermodynamic forces that drive
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Table 1. Structure Notation

structure notation
perpendicular cylinders ©
short perpendicular cylinders, spheres S
one layer of parallel cylinders [
two layers of parallel cylinders &
three layers of parallel cylinders e
parallel cylinders with necks to the polymeair CiCo
interface
parallel cylinders with necks to the substrate oGe
wetting layer W
perforated lamellae PL
lamellae L
coexistence of structures in one layer *[*
* %

coexistence of separate layers with different
structures

component and the two maskssg,, ¢sw,). In the following

part we describe the determined choice of each parameter.
Molecular Model. Both the Gaussian chain topology

(AsB12A3) and the interaction parameter between the polymer

ebead&;\B (6.5 kd/mol) are the same as in our earlier comparative

theoretical®193%and experimental studié$2>27
Interaction of the Polymer Beads with the Substrate.In
e earlier work¥24 on thin films we have shown that the
calculated structures with the effective surface interactign
= eam, — €M, Of 6—7 kJ/mol match in great detail the
experimentally observed structures.

Interaction of the Polymer Beads with the Void Compo-
nent. The values ofepas and egs determine the interaction of
he polymer beads with the void component and are analogous
o the surface tension of the block copolymer components in
experiments. They can be calculated directly from the surface
tension values of the polymet.3° However, because of the
extra constraints resulting from the periodic boundary conditions,

the phase separation and the structure formation are localihig approach is not effective, as was shown in our previous

gradients in the intrinsic chemical potential. The chemical
potentials are derived from the functional differentiation of the
free energy

oF
op(r)

We assume a diffusive dynamics of the density fields and solve
the Langevin diffusion equations numerically:

m(r) = (®)

apy

at =M,\V-p Vi, + (6)

whereM,; is a constant mobility of bedd(diffusion coefficient)
and, is a thermal noise, distributed according to the fluctua-
tion—dissipation theorem.

2.2. Simulation Parameters of the Free Surface Model.
General Considerations.To model the behavior of supported
block copolymer films, we use the following starting configu-
ration. Two mask&1, andM; confine the simulation box from
top and from bottom, respectively. The lower half of the box is
occupied by the block copolymer film, while the upper half is
the void component. Initially, the copolymer film is flat. The
boundary between the void phase and the polymer film

publication3® Therefore, we determine the values @af and

egs by a parametrization procedure (see section 3.2). As a
starting point, we assume the differengg — egsto be similar

to the effective surface interaction in a slit8 kJ/mol)18

Simulation Box. We set the initial thickness to the incom-
mensurable situation corresponding to 1.5 layers of cylinders,
analogous to the experiment. The height of the simulation box
is set to be twice the film thickness, and additionally, two grid
units are occupied by the mask fields. Lateral dimensions of
128 x 32 grid units are chosen to keep the computational time
within reasonable limits.

Film Setup. In order to avoid floatening of the film from
the substrate, we set the veidpper maskM; interaction to a
negative value (attractive) and the veidottom maskMg
interaction to a positive value (repulsive). Additionally, the
polymer beads are repelled from the upper mask. For this
purpose we setgy, = —4 kd/mol andeam, = esm, = €sm, = 8
kJ/mol.

Time Scale.In our previous papée¥,one simulation step was
calculated to be abo s of theexperimental measurement time.
We assume the time scaling to be of the same order of
magnitude in the present setup with the void component. Under
this assumption, calculations over 30000 time steps are
comparable to an experimental annealing of the SBS film for

corresponds to a free surface and is expected to show undulatiorseveral hours, when well-developed terraces are observed.

instabilities3® The model system is schematically represented
in Figure 1. The simulation parameters of choice are the initial

Notation. Structure notations used in the present study are
similar to that in our previous work$and are summarized in

height of the film and the pairwise interaction parameters (see Table 1.
Figure 1). There are altogether nine interaction parameters: the 2.3. Experiment. Sample PreparationAs an experimental

interaction parameter between the polymer beags the
interaction parameters of the polymer beads with the void
componenteas and egs, the interaction parameters of the
polymer beads with the lowegqu, andegw,) and with the upper
mask €am,, €sm,), and the interactions between the void

reference system we studied a thin film of a polystyrétesk
polybutadieneslockpolystyrene (SBS) triblock copolymer (from
Polymer Source Inc.) with weight-averaged molecular weights
of the polystyrene (PS) blocks dfy ps= 14 kg/mol andM ps

= 15 kg/mol and of the polybutadiene (PB) blockM{y pg =
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Experiment Simulation ]

optical

microscopy SFM DSCFT

sample

ey —— |
~10%10 mm? 4%X4 uym 128%32 grid units -
~100%100
domain spacings| ~18x5 domain spacings

Figure 2. Schematic comparison of typical lateral scales that are
covered in experimental measurements (optical microscopy and surface
force microscopy) and in our simulation box.

73 kg/mol. The glass-transition temperatures of the respective
homopolymers range from83 to —107 °C for PB and from
80 to 100°C for PS% The surface tension of PBpg = 31
mN/m, is considerably smaller than the surface tension of PS,
yps= 41 mN/m#% A 70 £ 2 nm thick film was spin-cast from
a toluene solution onto a silicon substrate. The sample was
placed in a fluid cell of a Multimode SFM (Digital Instruments,
Veeco Group) and exposed to a controlled chloroform vapor.
The chloroform vapor pressure was adjusted to set the polymer
volume concentration in the film t¢ = 0.73. In bulk, at this
concentration SBS forms cylinders with a characteristic spacing Figure 3. Snapshots of the in-situ SFM movie (0.6%52.625um)
of 39.0+ 0.5 nm?® illustrating the dynamics of terrace formation at (a) 0.5, (b) 4, and (c)
SFM Imaging and ovie. The changes it the Surace 6 P e oo o s
tOpOgrath a.nd n the mlcrodomaln structure have t.)een \l}l\?;]itgle stripesgand W%ite dots gregasgo)(/:iated Witﬁ polystyrgne lying and '
followed with in-situ scanning force microscopy (SFM) using  perpendicular cylinders, respectively, while black dots in () correspond
standard silicon cantilevers (with a resonance frequency of 300to the butadiene-filled perforations in a polystyrene sheet. The SFM
kHz; Nanosensors) in tapping mode. Light tapping conditions movie can be found in the Supporting Informatin.
resulted in a phase contrast df Zhe acquisition rate for a 4
x 4 um? image (512x 512 pixels) was 2.5 min per image. presumably perpendicular cylinders®) is formed during the
The resulting SFM images were flattened, registered, correctedspin-coating procedure by the fast removal of the solvent. The
for image distortion, and compiled into an SFM md¥iasing initial stage of the surface-relief-structure development upon
a homemade software. Because of a rather large thermal drift,annealing was imaged with in-situ SFM, and the data were
the analysis of the same spot of the sample is possible only byprocessed into a SFM mowviéBelow we describe in detail the
picking a small area of one frame and tracking it into earlier observed evolution of the local thickness gradient (terrace
and later frames. The mowfecovers 6.75 h of annealing the formation) and the accompanying phase transitions.
SBS film under controllgd vapor pressure anq captures thg early Figure 3 displays the SFM movie snapshots which correspond
stage of terrace formation. For further experimental details see;, g 5 , (@), 4 h (b), and 6.75 h (c) of annealing. At the initial
refs 13, 25, and 27. _ stage of annealing the swollen SBS film already shows a slight
_Comparative Dimensions.Figure 2 compares the sample pqiqhs modulation (Figure 3a). As can be followed in the SFM
dllmens.lons of the experiment V.V'th t.hat of the computatllonal movie* the microstructure development proceeds first via
S|mulat|on._ln experiments a typical film surface area available ordering of dots into a hexagonally ordered pattern. During the
L?;zt\t‘vihog::Z%GT;CL%S;:;?;’C?S?ZZ'\&r;ggjfgzmslr'fs%bsom a time interval between 3 @h5 h the bright PS dots rearrange
films, each terracg accommodates in the lateral di.rection up to into bright PS stripes Q(;_thhln _the lower terrace_(see Figure
seve,ral hundred microdomains 3b). Afterward, the PS-rich cylinders transform into PL (dark
’ dots in bright matrix) (Figure 3c). The;@ PL phase transition
3. Results takes about 10 h and has been described recently in great detail
for constrained film thicknes¥.Here we focus on the first 7 h
of the structure development upon annealing, where the thick-
ness gradient develops gradually and the step height reaches
about 80% of its equilibrium value.

3.1. Film Evolution in Experiment. The detailed phase
behavior in SBS films after annealing in a neutral solvent has
recently been studied at varied thickness and polymer content
in a swollen film2> The initial dry film thickness 70 nm) , , ,
and annealing vapor pressure were chosen in accordance with It should be notgd that the interpretation of the strgctures in
the phase diagram of this polymer such as to make the thicknes§h® SFM phase images cannot be done unequivocal. In
of the swollen film (at polymer volume fractiop, = 0.73) particular, the bright dots can be associated with thet@icture,
equal to 1.5 layers of cylindrical structures. These films of as well as with the hybrid structures, such a€Cwith the
incommensurable thickness are not stable upon annealing andecks facing the free surface. Structure information provided
form terraces with one and two layers of structures. As it was by the SFM technique is limited to information of the upper
shown earlier in ref 25, the PL structure is expected within the film layer. Computational modeling, however, provides direct
lower terrace, while the second terrace shows a cylindrical structural information throughout the polymer film and thereby
structure (). Perpendicular cylinders (¢ are stabilized at ~ complements and extends the SFM experiment. On the other
the transition region between these terraces. side, the experimental data can be used to coordinate and

In the dynamic measurements described below, we start with parametrize the theoretical model. Moreover, searching in the
the initially smooth spin-coated film. The associated micro- parameter space allows to study the effect of the system
structure (a random coexistence of white stripes, lying poly- parameters at a much wider range than is typically available in
styrene cylinders ¢and white dots without a long-range order, experiments.



6934 Horvat et al. Macromolecules, Vol. 40, No. 19, 2007

Table 2. Parameter Sets of Simulations a) Experiment
ESA £sB, EAM, EBM,, H
run kJ/mol kJ/mol kJ/mol kJ/mol grid units
A 17 10 3 —4 9
B 16 10 2 —4 9
Cc 16 9.5 3 —4.5 9
D 16 9.5 12 0 9
E 16 9.5 0 3 12

3.2. Simulation Setup vs Experiment.We performed a
number of simulation runs in order to match the structures and
transitions observed in the experiméhin particular, we varied
the interaction of the blocks with the surface and with the void
component. The choice of the parameter range is based on the
considerations presented earlier in the parametrization section
2. The studied systems are summarized in Table 2.

Figure 4b presents a structure analysis of the calculation
results after 30 000 time steps for these particular systems. For
comparison, we have included data for a wedge-shaped slit
(symmetric casey = 6, first column in Figure 4b)8 which
we had found to match the equilibrium behavior of SBS films
in great detaif* In these simulations, a thickness gradient is
imposed and the structure adjusts to this varying height. For
the parameter set A (Table 2) the void/polymer interface (the Slit A B c D
free surface of the film) remains flat after 30 000 time steps. ()
CyCq structures are stable for this thickness. For the slit system :
an equivalent surface structui@) is found for this particular ‘
film thickness. At a slightly reduced interaction of the bead A
with the void componentsga = 16 instead of 17) and with the
substrate dam, = 2 instead of 3) (parameter set B) the film
shows pronounced surface roughening. A depression associated
with one layer of parallel cylinders (@) is formed in the middle
of the simulation box. For the other thicknesses in the box the
CiCpis found. In the parameter set C (Table 2) the selectivity
of the surface and of the substrate to the blocks are slightly
increased, still yielding the structures similar to that in system
B. However, the formation of a second layer of cylinders is
promoted by the joining necks (Figure 4c, parameter set C).
Additionally, defects appear in the lower terrace. These T-
junctions are known to serve as nucleation centers for the PL
phase’

For the parameter set D (where the surface field vajyg
— &BM, IS increased) the free surface of the film also shows ,
rou_ghenlng.' Al th? lowest thlckpess a,lgtructgre appears. Figure 4. (a) SFM phase image of a slope between the first and the
At intermediate thickness, the film shows a mixture oCC second terraces in SBS film which have been equilibrated in the solvent
and of one layer of a perforated lamella with weakly segregated vapor for 7 2 The sketch below the image illustrates the observed
drops on top of it (PL-S). At the largest thickness, a small sequence of the morphologies at the commensurable and intermediate
amount of G, develops. thicknesses. (b) Calculated diagram of the system structure vs height

Although systems B to D reproduce the experimental results (thickness) for the systems A-D (Table 2) after 30 000 time steps. The
reasonably well (Figure 4c), the structures formed in the case system in a slit from ref 18 is shown as a reference only. (c) Simulated

X . .~ structures for the systems-D shown in (b). Gray structure is the A
of the parameter set C after 30 000 time steps fit the experi- .omponent (isodensity level, = 0.42); transparent gray volume

mental heights and the slope structures (Figure 4a) the bestindicates the film topography (isodensity level of polymer is larger
Moreover, the parameter set C is comparable to the matchingthan 0.9).
simulation in the earlier slit stuc.

Earlier, height measurements in SBS films suggested an . . .
additional layer of material underneath the film, which cor- POssible role of the wetting layer on structure formation and
roborated the existence of a wetting layer everywhere at the Microdomain dynamics. In the remainder we refer to the
film —substrate interfac®. Further development of the compu- ~ c@lculation with parameter set C as “the simulation without
tational model was done by introducing a wetting layer next to Wetting layer” and the simulation with parameter set E as “the
the substrate (parameter set E). The interactions with the voidSimulation with wetting layer”.
component are the same as in the system C. The interactions  3-3- Film Evolution in Simulation. Both systems were
with the substrate are set tga = 0 andeys = 3 in order to simulated up to 100 000 time steps. Within the first 20000
get wetting layet8 In addition, the initial height of the polymer ~ time steps, the formation of A- and B-rich layers is initiated by
film is increased to 12 grid units (box size 12832 x 26). the solid surface in the initially flat and homogeneous film. Next,
Because of the wetting layer, this initial thickness corresponds the in-plane separation takes place. In the system without wetting
to 1.5 layers of cylinders. System E shows structures similar to layer the film forms parallel cylinders near the substrate and
the system C in the presence of an A-rich wetting layer. The droplets of the A-rich phase next to the free surface. The droplets
comparison of these two systems provides insight into the connect with cylinders, and thus a transition {€€takes place.

.
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Figure 5. Graphic representation of the film structure and corresponding heights as a function of time for the system without wetting layer.
Different tints of gray correspond to indicated structures; the black lines are the isoheight lines. Right-hand pictures are representagiv@iexampl
simulation snapshots as indicated by arrows. The nide&n be found in the Supporting Information.

In the system with the wetting layer the A component system is disordered/mixed. The PL structure and the C
preferentially covers the surface, causing an unstructured wettingstructure coexist at a certain film thicknesses and time condi-
layer. The two layers above this wetting layer interconnect and tions, like in the experiment.
form Cg, rather than (I as in the system without wetting layer. Simulation with Wetting Layer. Generally, transitions in
Since the dynamics of structure formation immediately after the system with wetting layer (asymmetric wetting conditions)
microphase separation cannot be compared with our in-situ SFMare similar to the system described above (see ref 44). However,
experiment, where the structure is affected by the spin-coatingin the presence of the wetting layer, the €ructure is formed
process, we will not focus on the very first stages (below 5000 initially, in contrast to the (Cp structure in the system without
time steps). We note that the early stage of structure formation wetting layer. Indeed, after the transition tq;Gn the lower
has been recently described for a system analogous to the systerterrace has taken place, the remainingi@erconnect to form
D (Table 2)3° CiCo structures. When increasing the local thickness after 30 000
Simulation without Wetting Layer. The dynamics of  time steps the (€ changes to (. At the same time the order
thickness gradient formation and structure development for the of the cylinders in the thinner part of the film (in the first terrace)
system C is captured as a motfi@nd analyzed in Figure 5.  is improved. As the difference in local heights increases, necks
The simulated structures and heights are analyzed from the samétart to form on the top of (3, indicating a transition to
region in the middle and along the longest axis of the simulation (90 000 time steps). The;& phase becomes thinner and less
box each 5000 steps. Gray levels indicate different structures.phase separated. Importantly, the PL phase was not observed.
The borders between the structures are determined by visualThis result is in a good agreement with the experiments on thin
analysis and therefore are drawn arbitrarily. As a reference we films of SB diblock copolymer, which is a structural analogue
also present isoheigfit lines (in black). Examples of the  of SBS triblock copolymer. In this study the PL phase was
structural evolution are shown as simulation snapshots at thestabilized under symmetric wetting conditions and was not
indicated time steps. observed in SB films with a wetting layéf.

With time, the amplitude of the thickness fluctuations . .
becomes sufficient to induce terrace formation. After 8800  4- Discussion
9000 time steps we observe in the thinnest region a structural We focus on the evolution of local morphology and its
transition to one layer of cylinders. In the regions with higher relationship to thickness and terrace formation in block copoly-
film thickness after 20 000 time steps two layers of parallel mer films of incommensurate height. The time-elapsed SFM
cylinders are formed. Together with a small decrease of the film measurements are compared to the numerical modeling using
thickness, the PL phase appears at the lower terrace of the flmDSCFT. It should be noted that the latter approach does not
(after 40 000 time steps). As the thickness of the lower terrace directly explore the microscopic dynamics of chain motion. As
decreases further, the PL phase first changes to one layer ofmentioned before, DSCFT rather describes the evolution of
defect-free cylinders and later to a disordered layer. The heightdensity fields, under the conditions that diffusion/relaxation of
lines on the graph (Figure 5) accord with the contour lines of single (coarse-grained) chains within the field is rapid compared
the phase regions. The approximate borders are 10.5 grid unitdo the coordinated motion of many chains. The good match
for the transition between Gand GCp, 8.5 grid units for GCh between the film development in simulations and in the
to G1, and 4.5 grid units for the (z to disordered phase. The experimental annealing suggests that the kinetic model in
structures below 4.5 grid units can be divided into two regions. DSCFT is applicable. In particular, on time scales beyond single
Between 4.5 and 2.5 grids the film is unstructured (phase- chain relaxation, where this coarse-grained approach is valid,
separated material with no symmetry), and below 2.5 grids the this model adequately describes the microdomain dynamics in
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Time, s experimental heights and grid units was determined beforehand

0 10000 20000 30000 from the comparison of bulk spacings in experiment and in the

s36l 4 experiment 6 2 calculation (1 grid unit corresponds to 5.6 nip).
e 4,:: s The time axis was scaled by matching the simulation and
;‘ Mqﬁ:# -'% the experimental graphs. The best fit is found for 1 computa-
g 224 an ++ L4 5 tional time step= 0.8—1 s of real experimental time (on the

@ Afg;g%wii%%‘% + % graph we use 1 step equaling 1 s). Our comparison merely
S 12 @'553&# 5 g focu;gs on the early stgge of terra}ce format.|on Whgre phase
f%) ’ N S ‘ g transitions are the same in the experiment and in the simulations.
T f%$¢ 5 o it e o 2 %’ The results of structure calculation are shown after 5000 and
0,03 = 10600 20000 30080 25 000 time steps in Figure 7a,b in a form of surface structures

imaged with SFM© In Figure 7c the same spot on the slope

Fi . . - . between the neighboring terraces in the experimental system is
igure 6. Difference between the maximum and the minimum heights . . .
on the free surface in simulations [open symbols] (right-hand axis) and Shown after 0.5 and 6.75 h of annealing. The height difference
in experiment [black triangles] (left-hand axis) plotted as a function of after 6.75 h of annealing is27 nm, corresponding to about
the simulation time (bottom axis) and annealing time (top axis), 80% of the equilibrium step height. Along the pathway the initial
respectively. bright dots transform to bright stripes and small patches of dark
) ) dots at thinner regions. They can be interpreted as a PL phase.
the experlmgntal system. Moreover, the computational me.thodAt intermediate thickness, bright dots are the dominating
allows for a time-resolved StUdY of the morpho'ogy of the_ film  gtructures. At the largest thickness white stripes are formed.
Iti)r?i/t%rc]jd the surface layer to which the experimental studies aretha compa_\rison_of surface structures in Figuredagggests
41 .Comparison of Simulation and Experiment. 4.1.1 that the initial _vvhne-dots_pattern_and the dots-andfstrlpes pattern
. L after 25 000 time steps in the simulations (see Figure 7a,b) are

Dynamics of Surface Relief StructuresBoth in experiment . . i
o - . . similar to the experimental images after 0.5 and 6.75 h of vapor
and in simulations, the structural transition is accompanied by .
treatment (Figure 7c¢).

a change in local height of the film. In Figure 6 we compare ] - .
the step height, the difference between the maximum height on The dots-to-strlp_es transition represents thg transition from
the top of the island and minimum height inside the hole, as a €oand GCq to G in the lower terrace or to,( in the upper
function of time in experiment and in simulations for the systems terrace. The details of these transitions in the experiment and
with and without wetting layer. At the early stage of terrace N the simulations are considered below.

formation the two simulation systems show structural transitions  4.1.2. GJ/C,Cq-to-C;; Transition. The pathway of the
similar to that in the experiment. The relation between the experimental dots-to-stripes transition in the lower terrace is

Time steps

(a) Simulation without wettin layer (system C

Height, grid units

0
Distance, grid units

(b) Simulation with wetting layer (system E
5000° s B w - 25 000
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Figure 7. Simulation snapshots showing system C (a) and system E (b) from Table 2 at indicated time steps. The surface structures are calculated

as the avarege density of the A component over the top two layers. Plotted heights are determined as described in ref 43. (c) Snapshots from the
SFM movie showing the surface structures (phase image of tapping mode SFM) and surface topography of the same spot on the terrace slope at
indicated annealing time.
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(a) Experiment O
:45:10 8 " '>
~ - e u e

Hb > 88> 337e%0

(b) Simulation

Ei 8 000 !E 9000 |i 110005

Figure 8. (a) Experimental snapshots at indicated times of solvent
vapor annealing showing the dots-to-stripes phase transition. (b)
Simulation snapshots of the surface structures (see Figure 7) for the
system with wetting layer from Figure 6 showing the-t0-C, phase
transition. The time steps are indicated at the bottom of the images. In
(a) and (b) white bars are drawn parallel to the cylinders in the last
image of each sequence and are superimposed onto the earlier images )
as a guide to eye to illustrate the structure development. Figure 9. (a) Schematic representation of thg@-to-C,, transition
shown as a side view (top row) and as a front view (bottom row). (b)
Simulation snapshots of the system C (Table 1) after 19 000, 22 000,

shown in Figure 8a. The details of the underlying structure and 30 000 time steps (from left to right). (c) Simulation snapshots of
transition away from the airpolymer interface can be extracted E?r%rﬁﬁztf‘te% Eg(r;rt?ble 1) after 43 600, 47000, and 60 000 time steps
from the simulation results. '

In the system without the wetting layer, theGQg transforms
into modulated or elongated cylinders. A further decrease of  The structural transition shown in Figure 8 takes place in
the film thickness in the middle of the hole leads to the ahou 2 h of theexperimental time and in-6000 simulation
development of (. The distance between the lying cylinders = steps. Therefore, the time scale is the same as the time scale
in GCp and in Gi1 is the same; therefore, large-scale reorienta- optained from terrace growth (1 simulation stepl s of real
tion is redundant for matching the natural lateral domain spacing. time), showing good consistency with the dynamics of surface
The spacing between the dots (necks) is about 15% largertgpography.
(*/ys20) than the spacing of lying cylinderao (due to the 4.1.3. GJ/C\Cr-to-Cy» Transition. Another type of dots-to-
hexagonal packingy’ The necks can form a perfect hexagonal  stripes transition is a transition to two layers of lying cylinders.
matrix even if the underlying cylinders form separate grains |n the simulation, the formation of the second layer proceeds
which orient 60 (or 120) to each other. only from the GCo phase. The schematic details of this

For the system with wetting layer the upright cylindergXC  transition are shown in Figure 9a. When the film height reaches
first elongate in the plane of the film toward the neighboring 11 grid units (14 grid units in the system with wetting layer),
cylinders and finally coalesce. They form lying cylinders either the deformed necks interconnect and a ladderlike structure is
directly or via intermediate structure of modulated cylinders formed (see the second sketch in Figure 9a). The interconnection
(cylinders with necks). The connection between &ylinders of GiCq to G2 starts either parallel to the cylinders in the bottom
initially appears preferentially at grain boundaries in the C layer (Figure 9b) or under an angle of*6(Figure 9c). As the
structure (or at defects) and serves as a nucleus of the pew C Structure evolves, the connections between the neckg can be
structure. The top view of this transition is shown in Figure 8b. Proken and formed again. The lifespan of this process is 1000
Comparing the directions of the grains in the ghase to the  Simulation steps, which corresponds to 10 min of the experi-
direction of the grains in the earlierf(phase, we detect a mental time. This meets the expgnmental stervatlon of th_e
rotation of the cylinders. The whole grain of parallel cylinders same phenome_na, where fluctuatlons_ are visible at successive
rotate by an angle of-1C°. The final grain size is typically no o~ M Scans (which also takes some minutes between reconnec-
larger than 34 cylinder spacings. tions). pyllnders in the Iayers_ adjust their position in the space

We find that the initial structure (Cor GC.) strongly to achl_eve he?(agonal packlng. The _transformatlon requires
influences the resulting,hase. If the transition proceeds by gfa gsllﬁt:j%r;gl é?%ulraerQE)S%;rlgta}trl]o%ag (el:):gumrelgcs)r:g\;a\llrr:amglzeim&r;t
i[;};er:gocnyrllii(:jtg:g \?vﬁ{poenqgiglgtcﬂ;?iir?;gﬁn?ﬁ;c;gigfstgfe in- 9c t%e reorientationgtakes piace via formre)\tion of a transgient

= V3,3,

the G phase are therefore formed with an unfavorably reduced pe};\f? {r?éelgtfgggae g??ﬁeé 'terrace development thes@ucture
Eﬁ??ﬂgsﬁ. t.?ﬁggggﬁgu;rehfaﬁgiftssigg;utgne;fgrﬁmmoozﬁge ha}s disappeared, and thg3g persists only at the _intermediate
G structure by interconnecting cylinders without inducing strain. thicknesses be_tween one an_d_ two layers of cylinders.
Therefore, the transition is slow (compared {€Gto-G;) and 4.2. Mechamsms of Transitions, Early and Late Stag.es.
starts from several nuclei close to each other. The outcome is!t Was experimentally demonstrated that the behavior of
a much smaller grain size of the fhase in comparison to the supported thin films of block copolymers |nV(_)Ives multiple time
Cy grain size before transition. The grains try to relax their @nd length scales. On the one hand, the microphase separation
spacing by rotating the cylinders in the plane of the film. The and structure formation in the block copolymer phase occur on
rotation in the system with wetting layer is similar to the @ short time scale (typically seconds or minutes) and cover
mechanism observed in the experiment (Figure 8); therefore, distances of some tens of nanometér¥Terrace formation is
we concluded that white dots in SFM images correspond to a much slower process (typically hours) involving material
perpendicular oriented cylinders rather than to cylinders with transport over micrometer range. In this work we focus on the
necks. early stage of terrace formation. In the studied cylinder-forming
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systems this stage is associated with considerable developmentdynamics exhibited by this system enriches the fundamental
of the height difference (up to 80% of the equilibrium step understanding self-assembly in block copolymers, highlighting
height) and related structure transitions. the special relationship between morphology and dynamic

We observe a spontaneous splitting of the initially homoge- processes in thin films.
neous film thickness into continuously developing terraces with ~ Apart from the introduction of a free surface via a void
different heights. Height change and structural transitions are component (and relevant new parameters for the free surface
inseparable. Moreover, the simulations-revealed pathways of theinteractions), we have chosen a simulational system equal to
C/GCr-to-Gj» and G/GCr-to-G1 transitions suggest the the one considered in earlier publicatidfi$®242’We have
diffusion of block copolymer chains along the structure interface. focused on the early stage of terrace formation, where 80% of
Both in simulations and in experiment we distinguish phase height changes occur. On the very early stage, not accessible
transitions which occur at constant height:6-PL and PL- in the experiment, we observe microphase separation and
to-Gj). The formation of an intermediate PL phase enhances structure formation in the block copolymer film. The formation
the connectivity and enables the defect annihilation or reorienta- of the microstructure starts at the substrate. Subsequently, the
tion of whole domains (to-PL-to-Gy).45 initially flat film develops terraces. Experimental and simulation

We conclude that in the early stage of terrace formation 'esults agree that the change of the local height is strongly
interconnected structures/defects in domain edges are of greafOnnected to the changes in the local microstructure. The
importance. In contrast to lamella-forming block copolyniérs, ~detailed pathways of the structural transitions, as revealed by
in cylinder-forming systems the C, structures are natural ~ Simulations, suggest a diffusion of block copolymer chains along
channels for the material transport between the lower and thethe microstructure interfaces and indicate an important role of
upper terraces. GiCo (necks) structure as material-transport-channel between

The late stages of terrace formation have recently been ne|g_hbqr|ng terraces in thin cylln_der-formlng films.

Kinetics of both the terrace height growth and the structural

investigated.:2847 In particular, the kinetics of the late-stage o found to b itatively similar )
islands growth was described as the Ostwald ripening process.trans_'t'on_ was found to be quantitatively similar in experiment
nd in simulations; 1 time step equals 1 s. The accordance

Three mechanisms were suggested for the lamellar systems t . . .
etween the simulation and the experiment supports the as-

describe the kinetics of surface relief development (the move- ; e
ment of individual islands}: diffusional movement of whole sumption that the early stage of terrace formation is governed
by diffusion.

islands, tunneling of individual block copolymer chains between
layers, and flow of individual chains through defects in the
structure. It was concluded that the flow of block copolymer
chains through the defect structures is the primary mechanism
for the late stages of island developméRecently, the material
transport mechanisms between terraces in cylinder-forming Supporting Information Available: SFM movie: in-situ

block copolymer film were investigated theoretically and 55ing mode SFM movie showing the development of the surface
experimentally’® and the time _dept—;-ndence of the flow at Iatgr topography and the microdomain structures at early stage of terrace
stages was found to be diffusion-like. For the systems studied formation in a swollen SBS film with a polymer volume fraction
here it was shown earlier that the terrace formation at later stageof ¢ = 0.73. The SFM images were rendered into 3D pictures with
is dominated by coalescence of surface structures and micro-Pov-RayTM. The SFM topography images were used as a height
domains ordering’ field, while the SFM phase signal is represented as a texture. Bright
Finally, we remark that the development of an ultrathin structures correspond to polystyrene component. The movie starts

. . : . - after 5 min of equilibration of the spin-coated SBS film in
QIsordered layer in the simulation movie 2 (system C) at Iatg chloroform vapor pressure. The displayed area is (2625675
time steps resembles the droplet formation (or authophobic

. ; . g . - x 0.06)um?3. The frame rate is 152 s/frame; total capture time is
dewetting). In experimental systems with high chain mobility & p 45 min.Simulational moie, system Ccomputer simulation

undesired dewetting leads to the rupture of block copolymer (DSCFT method) of the early stage of the surface topography and
films already at very short experimental time scales (few minutes microstructure development in the system with parameter set C
of annealing). As a result, the formation of the equilibrium (Table 2). For each displayed time step, gray structures represent
microstructures cannot be followed experimentally. To our the microstructure A component (isodensity lepgl= 0.42). In
knowledge, there are no published studies which compare theaddition, transparent gray volumes show the film topography
kinetics of the competitive dynamic processes (terrace formation (isodensity level of polymer is larger than 0.9). The structure
and dewetting) in block copolymer films. We can only state €volution is plotted every 200th time step, for 100 000 time steps
that both the macrodomain spacings and the orientational order™" total. The dimention of the simulation box is 12832 x 20

: . X grid elementsSimulational moie, system E detailed structural
are affected by the shear fields in dewetting rfmi3Under- evolution obtained with the computational DSCFT method. The

standing the film stability toward dewetting requires a detailed y,qvie shows the early stage of the surface topography and
analysis of several faCtorS, inClUding surface tension and Surfacemicrostructure deve|0pment in the system with parameter set E
field strength. Since the definition of surface tension for (Table 2). Gray structures represent the A component (isodensity
nanopatterned surfaces is ambiguous, there is a severe lack ofevel pn = 0.42); transparent gray volumes show the film
theoretical guidance. The parameter set in system C could servgopography (isodensity level of polymer is larger than 0.9). The
as a starting point for a detailed computational study on film structure evolution is plotted every 200th time step, for 100 000
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stability, which is beyond the scope of the present work. time steps in total. The dimention of the simulation box is 228
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