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Phase behavior in thin films of cylinder-forming ABA block copolymers:
Mesoscale modeling
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The phase behavior of cylinder-formimgB A block copolymers in thin films is modeled in detalil
using dynamic density functional theory and compared with recent experiments on
polystyreneblockpolybutadienedlock-polystyrene triblock copolymers. Deviations from the bulk
structure, such as wetting layer, perforated lamella, and lamella, are identified as surface
reconstructions. Their stability regions are determined by an interplay between surface fields and
confinement effects. Our results give evidence for a general mechanism governing the phase
behavior in thin films of modulated phases. Z04 American Institute of Physics.
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I. INTRODUCTION causes the lamella to align parallel to interfaces and the film
forms islands or holes where the film thickness ighalf)
Block copolymers self-assemble into ordered structuresnteger multiple of the lamella spacing in the bulk. In cases
with characteristic lengths determined by the molecular sizewhere the film thickness is not compatible with the natural
which is in the 10-100 nm rand€. This property has at- bulk domain spacing or when the film/air and the film/
tracted much interest in the area of soft condensed mattgjubstrate interface is not selective, lamellae can orient per-
physics and nanotechnology. There is large interest to undependicular to the interfacés.
stand, predict, and control structure formation in this class of  The behavior of cylinder forming systems is more com-
ordered polymeric fluids. plex and less understood. Here, the natural hexagonal pack-
In bulk, the block copolymer microdomain structure is ing of cylinders cannot be retained close to the planar inter-
determined mainly by the molecular architecture and the inface, which, regardless of its orientation, always breaks the
teraction between the different compone(iitocks. At the  symmetry of the bulk structure. As a result, besides cylinders
air—polymer interface and the film—substrate interface addieriented parallel and perpendicular to the surffcéla va-
tional driving forces for structure formation exist. Typically, riety of deviations from the bulk structure have been ob-
one component has a lower interfacial energy than the othegserved near surfaces and in thin films, such as a disordered
This causes a preferential attraction of one type of block tQ)hasé',O a wetting layer:* spherical microdomains, a per-
the interfaceg(or surfacg, which can result either in an align- forated lamelld? as well as more complicated hybrid struc-
ment of the bulk structure at the interfdceand/or a devia- tures such as cylinders with necksa perforated lamella
tion of the microdomain structure from the bulk. These de-with spheres/ and an inverted phagg.
viations in the vicinity of the interface have been shown to  Various theories have been used to describe this
be analogous to surface reconstructions of crystal surfacesbehavior!®-2°A brief summary of experimental and simula-
In thin films, additional constraints play an important tion results is given in Ref. 24. With dynamic density func-
role. Here, the microdomain structure has to adjust to twaional theory(DDFT), a dynamic variant of self-consistent
interfaces and a certain film thickness, which can be a nonfield theory, Huininket al?*?? have calculated a phase dia-
integer multiple of the microdomain spacing in the bulk. gram for thin films of cylinder forming diblock copolymers.
Both constraints together cause a complex and interestinghey found that noncylindrical structures are stabilized by
phase behavior. the surface field in the vicinity of surfaces and in thin films.
Since the seminal work of Anastasiadisal.® the be-  With increasing strength of the surface field a sequence of
havior of lamellae forming block copolymers in thin films phase transitions was predicted: from a wetting layer, to cyl-
has been studied in detail and two major effects have beeipders oriented perpendicular to the surface, to cylinders ori-
identified (for reviews, see Refs. 7)9The preferential at- ented parallel to the surface, to a hexagonally perforated
traction of one type of block to the surfa@i@e surface field  |amella, and to a lamella.
Theoretical and experimental results agree qualitatively

3Author to whom all correspondence should be addressed. Electronic maif-:)_nly in pgrt._ From the experimental point of view, only
robert. magerle@uni-bayreuth.de single deviations from the bulk structure and no phase dia-
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the volume structure of the films. Furthermore, compared to
the experiments®® and previous simulations on diblock
copolymers?2 our simulations cover a much larger param-
eter space. Only this enabled us to distinguish between the
different physical phenomena governing the phase behavoir
in thin films. The phenomena and their interplay can be sum-
marized in the following way(1) The surface fielccan either
. orient the bulk structure or it can stabilize deviations from
/M( v{/‘\j\ < bulk structures, such as wetting layer, perforated lamella, and
I ESS %%o%’g&%%ﬁ?ﬁ%ﬁ%\jﬁ lamella, which we identified asurface reconstruction(2)
M\l\ﬁf@ﬁ ‘J’?S)k\lk\\;; {/fii\gcgﬂ\t&}i = The film thicknesss modulating the stability regions of the
s 7ot different phases via interference of surface fields and con-

FIG. 1. (a), (b) TappingMode™ scanning force microscopy phase images offlnement effects.

thin polystyreneblockpolybutadieneblockpolystyrene(SBS films on sili- The aim of this paper is to give a detailed report of our
con substrates after annealing in chloroform vapor. The surface is coveregimulation results. The experimental part is reported in the

with a homogeneous10-nm-thick PB layer. Brightdark) corresponds to preceed|ng Compan|on arnc?%':"'st, we report brleﬂy the

PS (PB) microdomains below this top PB layer. Contour lines calculated . .
from the corresponding height images are superimpo&gdSchematic phase behavior of aAsBiA; melt in the bulk. Then we

height profile of the phase images showr(@nand(b). (d) Simulation ofan ~ focus on the phase behavior of cylinders forming systems in
A3B1,A; block copolymer film inonelarge simulation box with from leftto  thin films. The basic types of surface structures and surface

right increasing film thicknessl(x), exg=6.5, ande =6.0. The isodensity  reconstructions are introduced and the underlying physics is

surfacep,=0.5 is shown[Reprinted from: A. Knollet al, Phys. Rev. Lett. ; ; f _

89, 035501(2002; ©2002 American Physical Sociely. explamed. Fma_lly, we compare og%r results with the corre
sponding experiments of Knadit al.>> and the phase behav-
ior of other cylinder and lamella forming block copolymers.

5§

3
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grams have been reported. Therefore it remains uncleaH
which of the reported phenomena are specific to the particu-’
lar block copolymer and/or route of film preparation and  We have modeled the phase behavior in thin films with
which are general behavior. From the modeling point ofmean-field DDFT, which was developed by Fraaijeal 3133
view, no model predicts all experimentally observed phasedor mesoscale modeling the phase separation and ordering
In particular, a detailed and quantitative comparison betweeprocesses of multicomponent polymeric systems. For our
modeling and experimental results is missing. The underlysimulations we used the standandsobyn code*
ing fundamentals remain unclear. As a molecular model an ideal Gaussian chain is used. In
Recently, Knollet al?’ have measured the phase dia-this “spring and beads” model, springs mimic the stretching
gram for thin films of concentrated solutions of a behavior of a chain fragment and different kinds of beads
polystyreneblockpolybutadieneslock-polystyrene (SBS correspond to different components in the block copolymer.
triblock copolymer in chloroform as function of film thick- All nonideal interactions are included via a mean field and
ness and polymer concentration. In this communic&fiore  the strength of interaction between different components is
have presented matching computer simulations of thin filmgharacterized by the interaction parametgg, which we
of ABA triblock copolymers which model in stunning detail express in units of kJ/mol. This parameter can be related to
the experimentally observed phase behavior. As an exampléhe conventional Flory—Huggins parametgr (see Sec.
Fig. 1 shows a comparison of the experimental results ofll A). Interfaces are treated as hard walls, with the flux per-
Knoll etal?’ and our simulations of a corresponding pendicular to the interface and the density at the interface
A3B,A; triblock copolymer film, where the interfaces pref- kept equal to zerd® The interaction between components
erentially attract theB block. In Fig. 1 the film thickness and interfaces is characterized by corresponding mean field
increases from left to right and a rich variety of structures isinteraction parameters,y andegy . As only the difference
observed. With increasing film thickness, both experimentdbetween the interaction parameters is relevant for structure
and calculations show the same sequence of thin film phasefarmation® we used an effective interface—polymer interac-
a disordered film(dis) for the smallest thicknes#y spheres tion parameterey,,=eay—€gm, Which characterizes the
or very short uprigh®A cylinders (G), A cylinders oriented strength of the surface field. A positivg; parameter corre-
parallel to the film plane (), a perforated\ lamella(PL),  sponds to a repulsion between the componérisdJ. The
parallel orientedA cylinders with an elongated cross section dynamics of the component densitieggr,t), with |=A, B,
and necks, perpendicular orientAdcylinders (G), and fi-  is described by a set of functional Langevin equations. These
nally two layers of parallel oriented cylinders (G ). The are diffusion equations of the component densities which
phase transitions occur at well-defined film thickness as catake into account the noise in the system. Driving forces for
be seen from the white contour lines that represent points daiffusion are local gradients of chemical potentiglg
equal film thicknes$Figs. 1@ and 1b)]. =6F[{p/}1/6p,. The Langevin diffusion equations are
As measured three-dimensional volume images of a thisolved numerically with homogeneous initial conditions. As
film’s microdomain structure are rather rafe?®?DDFT  MESoDYN s based on the same type of free energy functional
simulations as shown in Fig(d) facilitate us to interpret the as self-consistent field theoftCFT),% it is expected to ap-
experimentally easy observed surface structures in terms @roach on long time scales the same solutions as SCFT does

METHOD
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by searching for the absolute minimum of the free energy.
With MESODYN, however, structure formation proceeds via A
local gradients of chemical potentials that are intrinsic to the
system. In this way, long lived transition states can also beXN €as
visited in a simulation run. This ambiguity, however, is [ kd/mol ]
shared with the experiments, where the specimen is als¢ -8
quenched after a finite annealing tirife. 40 A G
The simulations were done on a cubic grid of dimen-
sionsXX Y X (H+1), with the interface positioned at= 0. 7
Due to the periodicity of boundary conditions, the system is
confined between two interfaces separatedibgrid points.
The triblock copolymer is modeled as a melt AfB;,A3 0 Ie
chains, which can be seen as two connedgBg chains. C
The architecture of thé;B1,A; chain enters specifically in
the calculation of the density fields from the external poten-
tials and in the partition function, respectively, the free :n:s

SCFT

energy*1~*3For our simulations we partly relied on previous
results(Refs. 21 and 2R Apart from the chain architecture 20 -
all simulation parameters are the same as for A8

diblock system studied in Refs. 21 and 22, with an exception

for the int fi t | dditi h FIG. 2. Bulk phase diagrams fakBA triblock copolymer melts withf 5
or the Interaction parametefyg . In addition, we have var- =1/3 as a function of interaction parametgid and e g . Results of Mat-

ied this interaction parameter in a range whereAB,A3 sen(Ref. 30 obtained with SCFT are compared with our results calculated
system forms cylinders in the bulk. Doing so we can alsowith DDFT for an A3B;,A; melt in 32x32x32 large simulation boxes.
study the influence of the molecular architecture on the obPhases are labeled as @yroid), “G" (gyroid-like), C (cylinders, S
servered phenomena by comparing our resultsAgB;,A3 (sphere and "dis” (disorderegl

triblock copolymer with the behavior of the corresponding
AzBg diblock copolymer. At the same time, this study al-
lowed us to determine the value of the interaction paramet
eap that best matches the experimental situation. As in Re
21 and 22, we followed the temporal evolution in the syste
until significant changes of the free energy, the order para
eter, and the microdomain structure no longer occurred.

-4

Our calculations were done until 4000 time steps, where the
G1'c'>ng-range ordering process is still not completed. Neverthe-
fﬁess, the result is sufficient to characterize the formed micro-
Mdomain structure. Fot,z=<5.75 no phase separation occurs.
M™he A density p, is spatially inhomogeneous with a mean

value (averaged over all grid pointof 0.33 and standard

deviation of 0.03. The mean value of 0.33 corresponds to the
11l. RESULTS volume fractionf, of the A component. As the interaction
parametere,g increasesA-rich domains of spherical shape
(S) form in aB-rich matrix for 5.8<e5g<6.0. In the range

As a first step, we parametrized the system studied ex6.1< e 5=<6.5, well-separated cylindricah microdomains

perimentally by Knollet al?"°For this, we investigated the (C) embedded in theB matrix were observed. Foeag
phase behavior in the bulk and determine the range,gf = =6.6, we observe aA-rich network of microdomains em-
where the system forms cylinders. In Fig. 2 the phase diabedded in aB-rich matrix. Because of the large amount of
grams of a melt oABA triblock copolymers withA-volume  three-fold connections we relate this structure to a defective
fraction f,=1/3 are shown, which were calculated with gyroid phase. We have also done simulations in smaller
DDFT and SCFT® The Flory—Huggins parametgrandeng simulation boxes, 1816X16 in size, and obtained similar
are related throughy= (v~ Y/2kT) [2eas— ean— €gg] [EQ.  results but with better ordered structures.

(32 in Ref. 32. In our case, withv=1, eap=€gg=0, N For eog= 6.5 we determined the distance between cylin-
=18, andT=413K, yN~ e€,5x5.43 mol/kJ. ders in the bulk. For this purpose we did a simulation in a
The phase separation process was simulated with DDF64x64x 1 large box, analogous to Huinirgt al>! Here, due
in a cubic box with 3X32x32 grid points and periodic to the periodic boundary conditions, the cylinders orient per-
boundary conditions. The calculations were started with gendicular to the 6464 plane and show up as hexagonally
homogeneous melt. During the simulation run we observgacked dots. The distance between next-nearest cylinders

similar processes as previously reportedirst the segrega- was determined to ba,=6.9+0.5 grid units.

tion of theA andB blocks into interconnected domains takes Our results are similar to those obtained with SCFT.
place. The separation process continues with the break-up #fith increasing interaction parameter both methods predict
an initially connected network of different domains into transitions from a disordered state to spheres, then cylinders,
well-defined structures. Microdomains with different orienta-and a gyroid phase. We observe the transition from the dis-
tions form simultaneously during the phase separation proerdered state to spheres at a higher value gf than pre-
cess, which leads to a very defective structure. The last andicted by Matseret al2® The discrepancy could be due to the
slowest process is the long-range ordering of the microrelatively small size of the chain and the nonlocality of the
domain structure, which proceeds via annealing of defectsionideal interaction® The phase boundary between the cyl-

A. Bulk structure
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into the film. This causes the cylinders in the film to orient
parallel to the surface and to pack in a neat hexagonal array
[Fig. 3b)]. In the bulk, however, the microdomain structure
is still very defective[Fig. 3(@]. Although the simulation
box of the film system is larger than that of the bulk simu-
lation it shows a higher degree of long-range order.

The most intriguing effect of the presence of interfaces
are deviations from the bulk microdomain structure in the
vicinity of the interface. This effect is called surface recon-
struction and it is best seen at large film thicknesses, for
instance aH =54 (Fig. 4). In such films the interfaces are
FIG. 3. Effect of the surface on the long range ordering process. Simulation§€parated by approximately nine layers of cylinders and in
for a cylinder forming system with interaction parameta=6.5 after  the vicinity of one interface the influence of the other one is
4000 t?me st_eps(a) In the bulk, in a 3% 32x32 large simulation boxb) In negligible. In the middle of the film, in most cases the mi-

a confined film, wher&X=Y =32 andH =54, surfaces at=0 and 55, and . . .

the effective surface—polymer interaction parametge= 6. crodomain structure remains hexagonally ordered cylinders
aligned parallel to the film plane. Depending on the strength
of the surface field, considerable rearrangements of micro-

inder and gyroid phase is the same in both simulation resultdomains near the interfaces, i.e., surface reconstructions, oc-

and this region of the phase diagram is of particular interestur. Fore), <2, theA component is preferentially attracted to

of the present study. An obvious difference is the presence ahe interface and a wetting layéw) is formed. Wheney,

defects in the microdomain structures simulated with DDFTincreases, cylinders oriented perpendicular to the surface are

which Matsen’s SCFT does not take into account. If defectstabilized forey,~3. As €y, is further increased, tha com-

cost very little energy a rather high density of defects mightyonent is weakly repelled from the interface and cylinders

be thermally excited in the system. orient parallel to the surface in the rangg~4—9. For
larger €y, surface reconstructions with noncylindrical mi-
B. Surface reconstructions crodomains are induced: first, af;~10, a transition to a

We now turn to the question of what happens when in-Perforated lamella¢PL) occurs in the layer next to the sur-
terfaces are added to the system. On varying the film thickface which transforms to a lamellge) at ey ~25. _
nessH, and the strength of the surface fietg), , we observe For the surface structures shown in Fig. 4 we examined
a complex phase behavior. The presence of interfaces h&i€ density distribution of each component. In Figg)3he
several effects. One is a speed-up of the long range orddi.Y) plane averaged density(pa)x y is plotted as function
formation. In Fig. 3 two systems with different boundary Of the distancez. For all threeey, values(5, 10, and 30 a
conditions and otherwise identical parameters are comparefiodulation is observed, which corresponds to a layered mi-
anAzB;,A; melt with exg=6.5 in the bulkFig. 3(@] and in crodomain structure oriented parallel to the interface. In all
a film with H=54 [Fig. 3(b)]. The surface field was chosen three of the displayed cases tBecomponent is attracted to
to be e, =6. In both systems, the simulation time was 4000the interface. This causes a depletion of fxeomponent at
time steps and both show cylinders. In the film, the temporathe interface and an increase mf in the middle of the first
evolution of structure formation is similar to that of a bulk A microdomain next to the interface. The effect increases
system. In addition, however, the cylinders start to align awith increasing surface fieldy, and it is accompanied with
the interfaces and the alignment propagates from the surfadermation of different surface reconstructions. 2t 3, ap-

v

25 30 &,

FIG. 4. Effect of the strength of the surface figdgl on microdomain structures and surface reconstructions. Simulation results fgyBagA; melt (eap
=6.5) in a rather thick film i =54) with surfaces at=0 and 55 at,=—4, 3, 7, 12, 30. Isodensity surfacgs,& 0.45) are shown for typical structures.
Gray boxes indicate,, values where simulations have been done.
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08 (a) proximately in the middle of the firsA-rich microdomain
A PL next to the interfacep, increases with increasing surface
- 8 field ey from p,=0.55 for cylinders €,=5), to p,=0.62
.0 for the perforated lamellaeg, = 10), and 0.70 for the lamella
> 5 ’ 7 surface reconstructiore(,; = 30). In Fig. b), the lateral dis-
AL 04 tributions of theA density atz=3 are plotted as histograms
$. s

0.6-

for the same values of the surface field as in Fig).5Re-
) 3 sults for ey=5 show a broad density spectrum with two
024 L % peaks, which correspond to the presence of two microphase
S S ¥ separated components:rich cylinders and th® matrix. For
ey =12, the distribution is still broad and is the majority

o & 2 18 component in this layer, the isodensity surface is a perforated

¥ 4 lamella. Forey = 30, the density distribution shows one nar-
row peak, as expected for a lamella. These results indicate
that with increasing surface field the density variations par-
allel to the interface are suppressed in the vicinity of the

0.0

10

os interface. In these structures the averaged mean curvature is
gradually decreased in order to adopt to the planar symmetry
s of the interface.
&
n
N oo c" C. One microdomain thick films
X
< We now turn to the effect of the film thickness. In
02 thinner films two additional factors influence the micro-

domain structure in the film: the interference of the two sur-
ood — face fields(of the bottom and the top interfacend the com-

02 mensurability of the natural domain spacing with the film
FIG. 5. Effect of the strength of the surface field on the distributiodof thickness. First, we present the interference effect of surface
density.(a) The laterally averaged d?nSity(m_\.)X'y as function Of the dis-  fields forH= 6, which Corresponds to one |ayer of Cy|inders
tancez from the su!’facei(depth profiles for different §urface fields and (Fig. 6). For this thickness we observe similar structures as
surface reconstructions(O) parallel cylinders,ey=5; (A) perforated . . . . L .
lamellae, ey, = 10; (O) lamellae,ey = 25. (b) Histograms of the lateral av- in thick films (H=54) in the vicinity of the interface. For
eragedA density(p,),, at z=3, approximately in the middle of the first H =6, however, the strength of surface field needed to form
A-rich microdomain next to the surface, for the surface fields showa)in  noncylindrical microdomains is strongly reduced. We ob-

FIG. 6. Simulation results for a cylinder formir&zB,A; melt (epag=6.5) in thin films (H=6) with different strength of the surface fie, . Isodensity
profiles (p=0.45 for typical structures are shown. Gray boxes indicate parameters were simulations have been done.
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still slightly segregated. Figure 7 shows depth profiles of the
laterally averaged\ density for different structures in thin
films of thicknessH = 6. Forey <1, theA block is preferen-
tially attracted to the surface and a wetting layer forms at
each surface. Forg e),,<2 the disordered phase forms and
the A component is only weakly attracted to the interface.
Interfaces withey, =3 appear as neutral. For this surface
field value very short cylinders oriented perpendicular to the
surface are formed. The fact that the interface appears neutral
at ey,=3 and not atey; =0 can be explained by an entropic
attraction of the shorte’A block to the interfacé! For
ey>3 the surface preferentially attracts tieblock and
A-rich microdomains form in the middle of the film.

D. Phase diagrams of surface reconstructions

FIG. 7. Effect of the strength of the surface field on the depth profiles of the

laterally averaged\ density(pa) y in thin films. Depth profiles are shown
for: (O) a lamella atey, =9, (A) a perforated lamella aty, =7, (O) cylin-
ders oriented parallel to the surfaceet=>5, (@) cylinders oriented per-
pendicular to the surface af,=3, (%) a disordered phase af,=2, and
(M) a wetting layer ak),

serve the lamella phase already fgf=7, compared ta,

We have done simulations witb,g=6.3, 6.5, and 7.1
and have varied the strength of the surface fielgl, and the
film thickness,H. We have also calculated a phase diagram
where we variede,g and €y, simultaneously while keeping
eag= €y - Figures 8 and 9 show the phase diagrams of sur-
face reconstructions foe,g=6.5 and 6.3, respectively. For
both values cylinders are formed in the bu#iee Fig. 2 as

=25 for H=54. Also the perforated lamella phase appearsvell as in the middle of the films. Both phase diagrams
already atey=6 instead ofey =10 and it has a much clearly show that microdomain structures oriented parallel to
smaller existence range. Perpendicular cylinders, which ahe surface are dominant. Cylinders orient perpendicular to
H=6 are very short and almost spheres, appear in both cas#® surface for the neutral surfacesegi~3 and at certain
at y,= 3. An additional feature of thin films is the presencethicknessesii =9 and 15 which strongly deviate from an
of a disordered phase with no well-defined microdomaininteger multiple of a natural layer thickness. For hexagonally

structure, however, with the two componeAts&ind B being

packed cylinders the natural thicknessis=a,+/3/2, where

H HI6
54 | N | m u m = = -9
} WGl 1 O PR it}
241 I I = O = -4

u ]
H W | ]
- = = & ]
Wi PL | mPlm u
18 — - . = 13
m u
| W | ]
L B - T
W+ Cj ™~ Cy e )
— Il V- m u
121 W:PL - = m L = 42
i = - ]
u $ =
6F m ] | -1
u 3 ] ]
m .-t 5] ] [
- | —— C R ot B dis IR S m -
1 1 1 1 1 1 # 1 1
-3 0 3 6 9 12 20 30

FIG. 8. Phase diagram of surface reconstructions calculated f8gBpA; melt with e4g=6.5 as function of film thicknesd and surface fiela,, . Boxes

indicate where simulations have been done. Boxes with two shades of gray indicate that two phases coexist after the finite simulation time. @mooth phas

boundaries have been drawn to guide the eyes. The right scale indicates the film thickness in units of the natural layercrdkness
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H
18

12

FIG. 10. Coexistence of parallel cylinders and perforated lamellae for an
A3B1,A3 melt with epg=6.5, €y=6.0, andH=7. The isodensity level is
pa=0.45. The size of the simulation box is $64x8.

FIG. 9. Same as Fig. 7 but fa,z=6.3.

The same is also valid for the PL to L transition. The dashed
lines in the phase diagrams denote continuous transitions be-

a is the distance between next-nearest cylinders in the buléveen the W and “dis,” and the “dis” and L phase.
In our casdsee Sec. | A ag=6.9+0.5 and the natural thick- _
ness of one layer of cylinders @~6. E. Structured wetting layer

Interference of surface field§he important feature of A result not displayed in the phase diagrams is the struc-
the thin film phase behavior is the existence of surface regre of the wetting layer. For thin films &H<8), where
constructions with noncylindrical morphologies: the wettingthe entire film consists only of two wetting layers, the wet-
layer, the perforated lamella, and the lamella. For thick filmsijng |ayer has no lateral structure. However, in thicker films

thinner films, this threshold value decreases: for the perfomicrodomain structure next to it in the middle of the film

rated lamellagy~10, 8, 7, and 6 &l =9¢,, 3Co, 2Co, and  (Fig. 11). The entire structure shown in Fig. (8l is very

Co, respectively. This indicates that surface fields extend int@jmjlar to hexagonally packed cylindefsin Fig. 12, histo-

the bulk with a decay length of about one microdomain spacyrams of the lateral density distributions within the wetting

ing. Furthermore, they are additive and for very thin films|ayer are shown for different values of the surface figjg.

the effects of both surfaces combine. This explains why incor ¢, =1 and 2, two peaks appear in the histogram which

beneath a wetting layer fary =0 atH=12 andey=—2 at  peak merge, which reflects the fact that the structure continu-

H=19. N _ ously transforms to a homogeneous wetting layer. Its histo-
Confinement effectsnodulate the stability regions of gram is similar to that in the middle of a lamella a

phase oriented para||e| to the interfaces. An integel’ multlp|e= 25 [See F|g @)] which Supports an interpretation as a half
of a natural layer thickness is energetically favored. Thiggmella.

causes easier deformable phases to occur at intermediate film
thicknesses. For very small thicknesseés<{(c,) and weak |y pISCUSSION

surface fields, confinement prevents microphase separation ) ) )
and stabilizes a disordered phase. A. Mapping to the experimental phase diagram

~ The phase diagram faixg=6.3 (Fig. 9) displays a very Our simulations reproduce all essential features of the
similar behavior to the one foeag=6.5 (Fig. 8. The two  experimentally observed phase behavior of thin films of

main differences between the two phase diagrams is that fgyolystyreneblockbutadieneblockpolystyrene (SBS tri-
eap= 6.3 the stability region of the disordered phase is larger

and that the threshold values for the formation of surface
reconstruction are shifted to larger strengths of the surface (a)
field, in particular for the lamella surface reconstruction.

Order of phase transitionsAn important feature of our
simulations is the coexistence of different phases in one
layer. Figure 10 shows such a situation where parallel cylin-
ders and a perforated lamella coexist. This simulation was
done until 11000 time steps and after 5000 time steps n&IG. 11. Structured wetting layers for #yB;,A; melt, exg= 6.5 [simula-
significant changes were observed. The coexistence diPn box 32<32x(H+1), after 2000 time steps(a) H=12, ey =2, and

. . . isodensity levelp,=0.45; the wetting layer resembles half-cylindefis)
phases corresponds nicely to the experimental Observa“q!l]: 12, ¢y, =0, and isodensity levgl,=0.45; the wetting layer consists of

[see Fig. 1) and Refs. 27 and 30The presence of coex- isplated dots(c) A perforated wetting layer @ =9, e,,= — 1, and isoden-
istent phase clearly indicates a first-order phase transitionity level p,=0.6.
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FIG. 12. Effect of the strength of the surface field on the lateral density

distribution in the wetting layer. Histograms of thedensity at the surface
(z=1) are shown for different surface interactioag . Simulations have
been done in 3232%x 13 large simulation boxes witH =12. With decreas-

ing €y, the A blocks are more strongly attracted to the surface and the

lateral homogeneity of the wetting layer increases.

block copolymers studied by Knobt al?’3° In particular,

the sequence of phases as function of film thickness is cor-

rectly modeled. This is nicely seen in Figdlwhere a simu-

lation done in a wedge-shaped geometry is shown. Also the
phase diagrams shown in Figs. 8 and 9 nicely match the

experimental ongsee Fig. 3 in Ref. 27 indicating that the

experimental control parameter, the polymer concentration
®p, is directly related to the control parameter in the simu-

lations, namely the surface fielq, .

In order to keep the model as simple as possible we
chose to model the SBS/chloroform solution as a melt of
A3B1,A; block copolymer. As chloroform is a nonselective
solvent it acts as a plasticizer, which merely induces chain
mobility.2”3® The nonselective solvent chloroform screens
the interaction between the block copolymer components and
the interfaces. This effect is modeled by interaction param-
eterse,g and ey, which depend on the polymer concentra-

tion ®p.
The experimentally observed phase diagraee Fig. 2
in Ref. 27 has three characteristic featuré$) The disor-

dered phase neighbors the @hase for all polymer concen-
trations. (2) Both regions of the PL phase have a limited

range of polymer concentrations where they are staBBle.

The thicker the film, the higher the critical polymer concen-

tration where the PL appears.

We investigate the range of parameters covered by our ©)
simulationg[Fig. 13a)] which give these three characteristic Tr
features. As a first reference point, the phases neighboring

the disordered phase are shown in Fig(dl3The critical
phase boundary @C,;, which limits the regime where

simulations and experimental results are compatible, is

shown as a bold dashed line. Figuregcl3and 13b) show
the phases occurring foi =c, and Z, including the char-
acteristic phase boundaries, {PL and G,/PL, respec-
tively.

Horvat et al.

(d) 7- | | |
c, —

9 - : -

< [ S ™ e

We look for paths in the parameter space which includeric. 13. (a) Range of parameters covered by our simulations. The planes
all three characteristic features. This can be done by projectas=6.3 and 6.5 correspond to Figs. 8 and 9, respectively. The dark gray

ing the surfaces shown in Figs. (b3, 13(c), and 13d) on
each other, which is done in Fig. 3. The paths have to
fulfill the following three conditions{1) They should com-
pletely lay in the C region and should not cross the (C, ;
boundary.(2) They should first cross the &/PL and (3)
then the ¢,/PL boundary.

The gray region displayed in Fig. (& centers atey

surfaces are displayed in detail ifb)—(d). (b) Surface reconstructions
formed in films withH =12 as function of,g ande, . (c) Same agb) for

H=6. (d) Surface reconstructions next to the region of the disordered phase.
This region is approximatively bounded Wy=4. Lines indicate phase
boundaries(e) The phase boundaries 9PL, C ;/PL, and G /C; taken

from (b), (c), and(d), respectively. The arrowa and 8 correspond to two
possible models of how the interaction parameters can change with chang-
ing polymer concentratiod® . Both models cross the gray region where a
characteristic sequence of phases observed in experiments and simulations

=6.0 and corresponds to a region in the experimental phaseincides.
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diagram centered abp=0.593° Therefore, the most simple film which preferentially attracts thé& component. The
way to parameterize such a path is given by the linear relalamella screens a strong surface field in a similar way.

tion ey = em®'®p, with el®'=10+1, which is displayed in In experiments with supported films the interactions at
Fig. 13e) as arrowa. The discrepancy with our previous the air/flm and the film/substrate interface are in general
publicatiorf’ is due to the fact that the experimental phasedifferent. In a situation where one interface attractsAtand
diagram was presented in units of the chloroform vapor presthe other theB component, the formation of a wetting layer
sure, whereas here we use the measured polymer concented-one interface can lead to a situation where the film can be
tion from Ref. 30. Nevertheless, both values are close antteated as having effectively both interfaces attractingBhe
the physical picture remains the same. By adjusting a singleomponent. Therefore, the phase diagram measured by Knoll
parameter the measured and calculated phase diagrams aztral®° can be well described in simulations with equal in-
be perfectly matched. In particular the predictagl values terfaces, although the experiments clearly indicate the pres-
for the onset of the PL phase Ht=6 and 12 agree nicely ence of anA-wetting layer at the film/substrate interface and
with the experiments. Remarkably, the experiments can bthe preferential attraction of th® component at the air/film
described by a parametrization where osly changes with interface.

®p while epp is constant. Other possibilities would be ar-

rows like B, where both parametergag and ey, change ¢ comparison with cylinder forming diblock

with ®p. The choice of the pathy is supported by the ex-  copolymers

perimental observation that the SBS/chloroform system stud- i .
ied by Knoll et al® forms cylinders in the bulk in the whole The influence of the molecular architecture on the ob-

range of accessed polymer concentrations. This suggests tHrvered phenomena can be studied by comparing our results
the influence ofbp on ep is rather weak. This is consistent N AsB12As triblock copolymers with the behavior of the
with the fact that the gray region in Fig. (8 has a consid- correspondingA3Bg diblock copolymer studied by Huinink

erable larger extent along the, axis than along theg et al?! The comparision is made easy since in both studies
axis. the same parameters were used and we vdiredddition

the interaction parameteng only slightly. For both systems
we are well in the part of the phase diagram where cylinders
B. Effect of the wetting layer form in the bulk.

In Fig. 14 depth profiles of the laterally averagdien- At first glance, no utterly significant difference between
sity are compared. The profiles of the film forming the the Phase diagrams of ti&Bg diblock copolymer(Fig. 5 in
lamella and wetting layer surface reconstruction coincideRef- 21 and Fig. 4 in Ref. 22and ourAsBy,A; triblock
with that of the film forming parallel cylinders when the copolymer_s is visible. Only_the po§|t|on of p_hase boundaries
profile corresponding to the lamella is shifted and that betvx_/een different pha;es differs slightly. This fact leads us to
of the wetting layer is shifted bg,/2. This indicates that the the important conclusion that the observed phenomena and
wetting layer can be regarded as a half lamella with thicknesS1€chanisms are present in many cylinder-forming block co-
co/2. Furthermore, both the lamella and the wetting layefP@lymers. In particular, the molecular architecture plays only
screen the surface field and the depth profile below them i& Minor role and enters only via the specific values of the
that of a film forming cylinders oriented parallel to the inter- interaction parglmeters. This is further corrobora_ted by_ results
face. Effectively, theA-wetting layer induces &-rich layer of Wang et al=" obtained with Monte Carlo simulations,

at c,/2, which corresponds to a situation at the interface of gVNich also show a similar phase behavior for cylinder-
forming systems in thin films.

D. Comparison with lamella-forming
diblock copolymers

o, L WG

We note that the orientation behavior of the cylinders is
analogous to the phase behavior of lamella-forming diblock
copolymers as both arc controlled by the interplay between
the surface field and confinement effettsThus, the se-
quence ¢—C, —C; at steps between terraces corresponds
to the sequence =L, —L,.% Second, in cases where the
two confining surfaces favor different orientations; (L, )
the two orientations can coexist and a hybfa mixed
structure (HY) forms®® which is similar to cylinders with
necks'® We note that in such a HY structure the bulk micro-
domain structure is preserved and a grain boundary is stabi-
lized in the thin film by the antisymmetric surface field. Fur-
]fI'G- 1‘_1t-h'?_|ept24P;?]Z'eS 0f6tf;efl)f’:tzfi;?r/ei‘t'ifsrgf:ieg‘slii(PTAggde‘ tt*r‘]i“ . thermore, a disordered phase has been reported for ultrathin
f:ltrensS:rI:e shifted accoér/:iiBng t'z’=z for C, (em=6), z’=z—.3 for V\?(eMp fll_mS of Iamella-for_mlng dll_)|0(_2k copolyme?éo and. 'S In
——4), andz' =z—6 for L (ey=30). The solid line is a spline through the NiC€ agreement with our findings and the experiments of
L data. Knoll et al?’* In addition to the alignment effect, hexago-

0.0
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