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Role of dissimilar interfaces in thin films of cylinder-forming block
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We study the effect of dissimilar interfaces on the phase behavior of cylinder forming block
copolymers in thin films by means of dynamic density-functional theory. In this article, we show
that dissimilarity of the interfaces induces hybrid structures. These structures appear when the
surface fields at the two interfaces stabilize different surface structures and/or reconstructions. We
propose a general classification of hybrid structures and give an unifying description of phase
behavior of cylinder forming block copolymer films. Our results are consistent with experimental
observations. ©2004 American Institute of Physic§DOI: 10.1063/1.1632475

I. INTRODUCTION In previous work!®1’we have simulated thin films with
similar interfaces, where the film—interface interactions are

It is well-known that block copolymers self-assemble i . .
: ) equal at both interfaces. Based on a comparison of experi-
into mesostructures at certain temperatures. These MesoS . < and simulations for a polvstvrebkeck olvbutadien-
tructures are receiving increasing attentfdnsince self- polysty poly

o e , : s ; blockpolystyrene (SBS triblock copolymer, we have
I I -
organization can be utilized in various applications in nano howrt51” that the phase behavior in this type of films is

technology. Shearing, electric fields, temperature gradient . . S
and confinement are frequently employed to induce |on$jom|nated by surface reconstructicfiavhile in Fhe case of
range ordering of structure resulting from spontaneous sel lamella forming diblock copolymefsonly the orientation of

assembly. Understanding and controlling the important facth® lamella depends on the two parameters mentioned above,

tors of structures formation of these materials is therefore of0" ¢Ylinder forming systems also the type of microdomain
great interest. structure can change. The stability regions of the different

Numerous studies have dealt with thin films of block Surface structures and surface reconstructions are determined
copolymers that form lamellar structures in buffor an by the surface field and the film thickness, and we have
overview see Refs. 294Two major factors have been iden- Shown how these two effects interact.
tified to control structure formatior(1) The preferential at- In experiments, supported films are usually studied that
traction of one type of block to the surfatibe surface fielg — are asymmetric with respect to interactions at the air—film
causes the lamella to align parallel to the interfaces @nd and film—substrate interfaces. In addition, several types of
the system’s natural microdomain spacing causes the film téi- and triblock copolymers are employed as compatibilizers
form islands or holegterraces where the film thickness is a in binary and ternary blends to enhance the macroscopic ma-

half integer multiple of bulk lamella spacing. terial propertie$!~23As these copolymers usually migrate to
In systems that form other microdomain structures inthe blends interfaces, this gives rise to a confined situation,

bulk, such as cylinders, the situation is more complex and@nd the observed triblock structures at the blend interfaces
much less studied. While any cross section parallel to anight be compared to our findings. One problem is that this
lamella exhibits the same symmetry as a planar surface, thijtuation is much more complex than the case of supported
is not the case in cylinder forming systems. Here, a planafilms: Apart from the asymmetry in th@nknown interface
surface, regardless of its orientation, always breaks the syninteractions, both interfaces themselves are deformable. Be-
metry of the bulk structure and the microdomain structuresides complex, the study is far from complete and scattered
has to adjust. For cylinder forming systems, a variety ofover many types of block copolymers. We, therefore, focus
deviations from the bulk structure have been observed nearur comparison to the experimentally observed phase behav-
surfaces and in thin films such as a wetting layspherical ior in supported film$# In a previous article we param-
microdomaing, a perforated lamellf.cylinder with necks,  etrized this system and showed that its behavior can be well
and more complicated structuréghe phase behavior for described by simulations with symmetric boundatféis the
cylinder forming systems was studied in detail for present article, we would like to understand the reasons for
diblock®~*® and for triblock copolymer&®-1° this paradox behavior and study in detail the role of dissimi-
lar interfaces on the phase behavior in thin films of cylinder

dAuthor to whom correspondence should be addressed. Electronic maif.ormmg block _COp°|ymeer- 28 )
a.sevink@chem.leidenuniv.nl In theoretical studi€s=2® dissimilar interfaces were
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FIG. 1. (a) The geometry of the simulation botb) The effect of dissimilar
interfaces on the microdomain structures of &4B,,A; block copolymer
melt in a film of thicknes$1 = 10c, and different interaction parameterg

Lyakhova et al.

wheren is the number of polymer molecule®, is the intra-
molecular partition function for ideal Gaussian chaipsijs

the density of the copolymer componér(in our caseA and

B), andV is the system volume. The external potentidis

are conjugate to the densitips via the Gaussian chain den-
sity functional®® The volumes of all bead types are chosen to
be equal ¢5=vg=v). The forth term models the asymmet-
ric interaction between polymer beads and the top and bot-
tom interface. The different interfaces, which are only differ-
ent in terms of interactiona,Ma(r) and location, are labeled

by an indexa. The interface—bead interaction and bead—

andey, at the two interfaces. At the top, cylinders orient perpendicular tobead interaction have the same Gaussian kernel

the interface, at the bottom, a perforated lamella is stabilized. In the middle
of the film, cylinders form corresponding to the bulk structure of this system

(Ref. 1. (c) Same as irfb) but only layers next to the interface are shown.
(d) The same as iitb) for H=1.5,.

mostly studied for systems that form lamellae in bulk. In
cases where the two confining interfaces favor different ori
entations of lamella (L, ), these two orientations can co-
exist and a hybrid structuréHY) forms?® This is also ob-

served in experimenté. In thin films of cylinder forming

block copolymers, cylinders with necks have been obsefved

3/2
e

3

2ma?

—3/282(r—r")2
1

) 2

wherea represents the bond length. The surface field is of
relatively short range. However, the system experiences this
interaction away from the surfaces due to the connectivity of

8|J(|r_r'|):8|03(

the beads. In spirit of our previous work the extrema of the
free energy functiondF are found in a dynamic fashion. The
time evolution of the density fields is described by the time
dependent Landau—Ginzburg-type of equatisee, for in-
stance, Refs. 30, 32, and)34

which are a combination of parallel and perpendicular ori-

ented cylinders. This is one example of a so-called hybrid
structure. Another experimentally observed hybrid structure

is a layer of spheres on top of a perforated lam&ll@he

interplay between the strength of the two surface fields, thei
dissimilarity, and the film thickness is expected to cause &
complex phase behavior, an example of which is shown irf

Fig. 1.
In the following, we analyze the phase behavior as
function of the film thicknes#l and the two surface fields. In

addition to the phases already observed in the symmetri

case'® we find a rich zoo of hybrid structures. We set up an e _ o =
Jace formation is an important phenomena, since in this way

unifying classification for these microdomain structures an
explain the physics behind this complex phase behavior.

Il. MODEL

a

Ip)
——=M\V.pVu,+7,

n ()

YvhereM| is the mobility of the different components of the
hain, u, are the chemical potentials with proper boundary
onditions at the surfac&sand 7, is a noise field that satis-
ies the fluctuation—dissipation theorem.

In the model presented here, the film is confined between
two solid interfaces. In most experiments, however, films are
Blaced on a solid substrate; the other side is a deformable
interface(solvent, solvent vapor, or airln these films, ter-

unfavorable film thickness can be avoided by the system.
Some information about the formation of terraces can be
deduced from films confined between two hard surfaces by
analyzing the free energy as a function of the film thickness

We model the polymer film as a collection of GaussianH.%5 We will not consider this approach in the current ar-

chains AN 2BNAN 2 with a total lengthN=Nj+ Ng,

ticle.

each representing a triblock copolymer molecule in a mean
field environment. The polymer is confined between two pardll. PARAMETERIZATION

allel solid surfaces. Dynamic density-functional theory

(DDFT)**30-%2js ysed to describe the temporal evolution of
the system. We describe the simulation procedure onl
briefly3*3*The free energy functional has the form

(Dn
F[P]:"‘T'”H‘Z JVU.<r>p.<r)dr

+%% fvzsu(“_r/|)P|(r)PJ(r/)drdr/
1

322 fvzslMglr—r'|>p.<r>pMa<r')drdr'
Ky o |2

Tt V(EI V(P|(r)_P|)) dr, 1)

Y

The system studied in this article is identical to the sys-
tem of Refs. 16 and 17, including all simulation parameters,
except for the dissimilar interface—bead interactions. It con-
sists of a melt ofA;B1,A; Gaussian chain molecules with
equal bead mobilitieM ,=Mzg=M. The dimensionless time
step was set ta\ r=MAt/h’kT=0.73? In the vicinity of
surfaces rigid wall boundary conditions are us&dnd peri-
odic boundary conditions in all Cartesian directions where
no walls are present. ThA—B interaction2,=6.5 was
chosen such that the experimental and simulated phase dia-
grams match best, for details see Refs. 16 and 17. With this
interaction the distance between next nearest cylinders in the
bulk was found to beag=7=0.5 grid cells. The resulting
distance between subsequent horizontal layers of cylinders
is, thereforecy=(\/3/2)ag~6 grid cells.
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All simulations were started from the same initial condi-
tion, corresponding to uniforrM—B density distributions
(complete mixing with external fieldsU,=0. The integra-
tion procedure was carried out as long as the density fields
change significantly by monitoring the phase separation pro-
cess with the help of an order parameRet’ The average
simulation time was 4000 dimensionless timesteps, however,
we checked the stability of some nonperfect structures by
continuing simulations till 8000 or more time steps. All
simulations were performed in a box of size X322
X (H+2). The two substrate®l; and M, are located at
=1 andz=H+ 2, respectively, and span the box in thand
y direction completely. We have four different surface inter-
action parametersgy., saw, e, andsgy, . Since for
each surface only the difference between interaction param-
eters counts in the chemical potential, we introduce effective
interactiond® ey, =(eaw, —egm,)/vKT and ey,=(sqm,
—ngZ)/va, which reduces the number of surface interac-
tion parameters to two. We have explored the parameter
spaceey, em,, H by integer increments. The resulting den-
sity fields pa(r) were visualized by an isosurface with
threshold value 0.5 and classified by visual inspection.

IV. RESULTS AND DISCUSSION
A. Three-dimensional (3D) phase diagram

In this article we consider four planes in the three-
dimensional3D) diagram(Fig. 2), with the film thicknessd
(in grid-cells on the vertical axis and the effective surface
interactionsey, andey, (in kJ/mo) on the horizontal axis. FIG. 2. (8 Schematic 3D phase diagram of surface structures in thin films
In Fig. 2b) the location of the planebi —co, H :3/200, of A;B1,A3 block copolymers as a function of the film thickné$¢sand two

_ _ . effective interactions of the polymer with the surfacgs andey,. The
H=2c, and the plane""l_ 6 are depicted. The results de- interactionsy, =&y, corresponds to the symmetric case published in Ref.

picted in detail fOI’s,\Al:s,\,,2 were previously published in 16.(b) Subset ofa) representing the parameter space covered in this article.
Ref. 16. (Constant film thicknessl =c,, H=23/2c,, H=2c,, and constant interac-
Surface structures of parallel (Cand perpendicular 0" With one of the surfaces,,, =6.)
(C,) oriented cylinders as well as the surface reconstructions
perforated lamelldPL), lamella(L), and wetting laye(W) . . . .
were already observed in Ref. 16. An overview of these basic 1(;2 F1o. <413h(eA 29 1p)h2i3 (;alarzTAfI?Aﬂ?Vf)\ Iq'f:geﬁ:ie-mge
surface structures is shown in Fig. 3. For the description of 8""_2 &= ol
hybrid structures we introduce the following notation and¢rodomain structures are shown fogy,=6 (equal
classification scheme: interface—bead interactionsnd for em,= —3 (dissimilar
interface—bead interactiondn the latter case, due to prefer-
ential

(i) Two A-rich layers separated byErrich layer are de-
noted by a hyphelt—) between the correspondindy
structures, for example, PL-QGn Fig. 1(d);

(i) lateral coexistence of-structures in one horizontal
layer is denoted by a slagh, for example, @PL in ; 1__.;;‘-&;i F e 3
Fig. 10 in Horvatet al.;*’ ¢ -"H-‘\x %t "Lc"j 4 7

(i) no separating symbol is used for connected structures W-,i I /
for example, QC, , which denotes cylinders with T g

necks’ n r
-2 [i]

4
1. The vertical plane (&€,,,=6,¢&,,H) /‘ \

[

m=- 0
| ]

w=- 0

First-we consider the phase diagram for cc.)n.staw}. \,&{{}‘-ﬁ; P
=6 varyingH andst. Since the phase diagram is invariant R s “'--,,.‘ ; / \/
with respect to the interchange ef, by sy, this slice . & Ca A

represe_nts two pairwise orthogonal slices in the phase digg. 3. The basic surface structures for a cylinder forming block copolymer
gram(Fig. 2 at em, = 6 andsM2: 6. A3B1,A; as a function of the surface fields, =&y, =y, (from Ref. 17.
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V4. Frit\ a P
W-¢-¢; 23"l ® ﬁz

FIG. 4. (a) The phase diagram as a

w-C, yérj function of the film thicknes#H and
i) effective surface in'[erac'[ior.t:M2 at
R constant £y =6. The microdomain
W-PL e 1
e —— structures that correspond to equal
pr— (8M2=6) and to dissimilar QMZ
W-C, //Zj = —3) surface interactions are shown.
ey For each square, the structure found at
575 its center pointle,H}, was deter-
W-C, 4332 mined by visual inspection and col-
ored by different shades of gray. The
Wedis border of the region where a wetting

T ) = layer forms is indicated by a solid line.
(b) Structure of the wetting layer in
(a). The homogeneous wetting layer
corresponds to a half lamella, which is
denoted as ¥2 Accordingly, struc-
tured wetting layers can be considered
as half structures denoted by ¥
Ci?, and G

attraction ofA blocks to one of the interfaces, a wetting layer € 55, rather thansM1 or ey, Indeed we observe that in this
is formed at this interface. region at a certain film thicknedd the same microdomain

All microdomain structures observed in Fig. 4 are com-structures forms above the wetting layer as mzze
binations of basic surface structures shown in Fig. 3. A dis-gsAB andH —cy/2.
tinct feature is that foey, <2 a wetting layer forms at one In the other regions each interface creates its own sur-
side of the film. The border of this region depends on theace structure depending on the surface field acting at each
film thicknessH. The phase diagram can roughly be dividedinterface. The two are rather independent of each other as
into three regions. Fogy < —1 the wetting layer is homo- |ong as the film thickness is large enough. In thinner films
geneous and has no lateral structure. In this region the mthe two surface fields adfiand the microdomain structure
crodomain structures are almost independente,qg. For  depends on how the two surface structures fit and in some
eum,=4 the microdomain structures are mostly basic surfacases connect to each other. The details of this are deter-

structures and the phase behavior is similar to that for equd'in€d by the commensurability effects both in thand in
interfaces'®!” Between these two regions-(L<gy,<4) the (x,y) direction.

different hybrid structures form and the type of the structure 3 /';CeXtaVr\]/chfgscldg]t t:]hg%% h?}gzszné?é ?;%';?inob)’] :_r|1
is very sensitive to the film thickness and the combination of(;rder '?c; separa—te t\(/)vo offects: tphe interplgy bet?/\./een the con-
mteractpn paran".neterfle and s, The wetting  layer finement and deformability of structures and the additivity of
formed in this regions is structured and is complementary tQurface fields. For all planes the effective interactiens

the microdomain structure of its neighboring layd¥ig. L

4(b)]. For a detailed discussion of this effect see Ref. 17. Weandst are chosen in the rande-1,10] with integer incre-

have studied the thickness of the wetting layer by plottingMent: The three diagrams are symmetric with respect to the
the laterally averaged density profilgs,), , as a function of diagonaley, =ey, (bottom left to upper right An extra
z The effective thickness of the wetting layer was found toparametees =zy, + &y, is introduced for convenience.
be cy/2 regardless whether the wetting layer is structured or
not.

The phase behavior in the regiefy <—1 can be ex- 2 The horizontal plane (&m1, €2, H=Co)
plained in the following way. When a wetting layer is In Fig. 5 the phase diagram is shown fé=cy=6. The
present, it effectively reduces the film thickness and screenfirst observation is that the phase diagram is dominated by
the surface field, in the sense discussed in HuirehklX®  basic surface structures. The phase boundaries of these sur-
Following this idea, for a homogeneous wetting layer, theface structures can be approximated by a constanexcept
effective surface interaction at the side of the wetting layer idor the regions where one of thg, is large. With increasing
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£ 4%% 10{w-Lm |m = le.cicim p|>
" ‘,;g;;\ * cyjc. \C||
' o\"‘i v O wee |E] & ]
2 9 [s)
\ ;}‘}‘i 3 3 . CL
6 o
1
P8 U
3 (R} |
o : 6 5
Lt ° c. 7 |c.w-c.ic /AT
3 o4 Z]c. [ saay ¥
5
\J—CJ.—W o
— H =3/2 c,

FIG. 5. The phase diagram as a functionsq.»,fl and em, for H=c¢,. For
selected points the microdomain structures are shown@®-ex =6. Forl, b
ey, =7 and onlyey, varies. ( )

A
104
es We observe the same sequence of structures;dig Em1
—C, —-C/—PL—L as we do for the case of equal inter-
faces. This is also the case wheml is constant and only
54

ewm, is varied. In Fig. 5, part of this sequence is shown for
SMl: 7.

In the lower left part of the diagram a wetting lay@Y)
is always present, since theblock is attracted to the sur-
face. Off diagonal we also observe a hybrid W-dis region, oL
which is an intermediate between the region dominated by
wetting layers and structures oriented perpendicular to the
film plane. _ . FIG. 6. (8 The phase diagram as a function of, and sy, for H

In a previous work the extend of the effective surface =3/2c,. For selected points the microdomain structures are showriliFor
field was determined to be approximataly. The fact that zw,=10 and onlyey, varies. For®, ey =10. Dependence of the structure
phase boundaries are determine@@y'ndicates that surface of the wetting layer on the underlying structyre , 8M2:3). (b) The struc-
fields are simply additive for this film thickness and phaseture of the wetting layer irta). The notation is according to the Fig(b4.
transitions occur when a certain threshold value is reached.

4. The horizontal plane (&, €2, H=2Cg)

) In Fig. 7 the phase diagram is shown fdr=2c,=12.

3. The horizontal plane (&1, € vz, H=3/2.¢o) We observe many different hybrid structures. The surface

In Fig. 6 the phase diagram is shown tdr=3/2c,=9. structures formed at each interf_ace are rather independent of
The phase diagram is dominated by hybrid structures, whicfach other and follow with an increase of;, or ey, the
are combinations of basic surface structures. usual sequence of surface structures-\W, —C,—PL—L

In the part of the phase diagram where a wetting layer i€s observed at the surface of thick filfis”
presentFig. 6b)] the film thickness is effectively reduced In the center of the phase diagram, for intermediate
by co/2 grid points. The microdomain structures at the othervalue ofey andey , we see a tiny region of €, which
interface follow with increasingy  the same sequence C connects to a region of Cwhere G is stabilized at both
—C,—PL—L as forH=c, with increasinges . interfaces.

In the part of the phase diagram where no wetting layer ~ For ey~ —1, when only one wetting layer forms we
is present, we observe mostly @nd G coexisting with G. observe @C, and G C,. In between two wetting layers,,C

For equal interactions at both interfaces, @©rms, as and PL can form. In the regions where a wetting layer forms
the film thickness is incommensurable to the natural layethe microdomain structures in the remaining part of the film
thickness'® The stability of G is limited to a narrow region resemble the phase behavior observedHer3/2c, andH
close to the line with equal interactions at the two interfaces=c,. In case of presence of a wetting layéor example,
In other regions where no wetting layer forms, the hybridW-C;) or two or several layers of different structuréer
structure GC; forms and sometimes coexists with.C example, PL—Q), the thickness where each individual mor-
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FIG. 7. The phase diagram as a functionsq;p,a‘1 and.s,\,|2 for H=2c¢,. For ‘ﬁ M4
selected points, the microdomain structures are shown.4Fosy, = —1; s
for ¢, en,=1; for W, em,=7.
phology can be formed (Gn this caseg is effectively re- 1 H =c
L
0

duced. This reduced film thickness we call the effective film
thicknessH . In case of the presence of one wetting layer, ,
Her=H—Cy/2. If two wetting layers are present]e;=H Ei'fgrgr'nsi: ZE?,W”;"i‘i“'F?;'f’E_S é’fg?;”;’fié"éﬁ&&?@?ﬁfé’é‘éﬂ?@ Pehpe:seien-
—Co. tative shapes of individual microdomains in different regions of the phase
diagram are shown. Different shapes of &e marked by the letters a, b, c,
representing: symmetric shape, touching both surfésleape a touching
the surface at one sidshape b and touching the surface at one side and
thickened in the centefshape & Different shapes of Care marked by
letters & and B representing: The perfect cylindefshape &; cylinders
A feature not represented in the phase diagrams showfedulated in hight from one sidehape b).
in Figs. 4—7 are shape modulations of &d G (Figs. 8 and
9). Shape modulations are an important physical phenomeneside of the film(Fig. 8, shape b. This shape forms at
enon as they show how transitions between different basithe boundary between the, @nd C phases, see, for ex-
microdomain structures occur. ample, Fig. 8). The b-shape can also be considered as
1. The G structure We first discuss shape modulations cylinders with very short necks.
of C,. This structure appears to be a flexible structure and
adjusts its shape to a rather large range of film thickness. The
ideal d-shape is observed when the effective film thickness
is commensurable with the natural layer spaaigg This is
observed forH =c, [Fig. 8b)], H=3/2c, (Fig. 9 when a
wetting layer forms at one interface (WC for H=2cq
[Fig. 10b)] when two wetting layers form (W-&W) and

in the case of -G, PL-G, and G-C, . )
L 5'_|_|

5. Shape modulations of cylinders

CLandC)

- Em

When the effective film thickness deviates from the -
natural layer spacing, the cylinder shape adjusts. If the
thicknessH 4<cy the G is compressed in thedirection and
when Hgg>cq the G is elongated(Fig. 9, shape 9. The _— =To
elongated Gshape is observed for equal interactions at the ' of Te
two interfaces, for example;M1=sM2=10 andH=3/2c, I
(see Fig. 9. The shape of the cylinder cross section varies
depending on the surface field from the neighboring inter-
faces. In all cases a thBrrich layer is present at the top and FIG. 9. Shape modulations of,Gand G for H=3/2c,. See Fig. 6 for the
bottom of the cylinders. Elongated cylinders are usually Stacomplet_e phase diag'rgm. The classification |s a(?cord_ing_ to the scheme
bilized by high srface fields. e e e

In the case of weaker surface fields and commensurablgiertace at both sides and thickened in the middkape g for C;: elon-
effective film thickness, cylinders can form undulations atgated cylindergshape ¢).

=2
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2. The C structure We also observe shape modulations 1. Addition of surface fields

of C, . The symmetric shape, touching both surfafely. We found that transitions between surface structures oc-
8(a), shape &is only observed in a region aroungl;, - when the surface field exceeds a certain threshold value.
=&n,~3 forH=cy, 3/, and ZX,. ForH=c, this region  From previous work we determined that the extend of the
extends off the diagonal along the ling =6 [Fig. 8@a)]. surface field is limited to about one microdomain thick re-
Next to this region, for dissimilar interfaces, the @dopts  gion next to the interfacg® For thin films the surface fields
the b-shape, touching the surface at one side, and eventualisom both interfaces act on the whole film and add. This
the c-shape, touching the surface at one side and thickenediiesults in a reduction of the value ef that is necessary to
the centefFig. 8@)], when the interaction at the two inter- cause transitions to surface reconstructions in thinner films.
faces are very dissimilar. This sequence of shape transitions The boundaries of the different phasesHat ¢, follow
occurs forH =c, along the linesy =6. approximately the expressi@=es=<b (with constanta and
ForH = 3/2c, different shapes of Coccur along the line b). For the different phases these asez8 andb=10 for
em,=&wm, and extend locally off diagonal. We consider the C;; a=11 andb=13 for PL, anda=13 for L. Further away
diagonal for decreasings . Symmetric cylinders, not con- from the symmetry linesy =&y, the boundaries deviate
nected to the interfaces for(shape d, Fig. Pfor large val-  slightly from this simple approximation.
ues ofey , which have a dumbbell shape. The d-shape trans- The interference of surface fields plays a smaller role
forms to the a-shape and then transforms to the e-shape fand the effect is less pronounced in thicker films. For the film
em,=em,= 1. The e-shape touches the interface at boththicknessH=2c, the threshold values for transitions be-
sides of the film and is a bit thickened in the middle. It formstween structures are shifted to higher valuas:8 andb
at H=3/2c, in the absence of wetting layer for small values =12 for G ; a=13 andb=19 for PL, anda=20 for L. The
of & at both interfaces. threshold values for Carea=6, b=7 for H=c, and H
For the smallest values afy,, where W—G—W forms, = =2Cq. They do not change with thickness while the surface
C, adopts the d-shape. Next to the diagonal, for dissimilafields needed to stabilize surface reconstructions rise dra-
interfaces, C has c- or d-shapes, depending on the strengtinatically.
of the surface field at the interface next to the end of the

cylinder. . 2. The wetting layer: Screening of the surface field

In general, when a wetting layer forms, @ever con- ) ) . )
nects to it. C also never connects to PL and L, €an, but An important issue is the presence of a wetting layer.
does not always, connect tg Gvhen the two phases form in When one wetting layer is present, it effec'Flver _reduces the
neighboring layers. film thickness bycq/2~3 grid points and gives rise for an

effective interface for the reduced filtthe so-called screen-

ing effect9. As the wetting layer screens the substrate from

the reduced part of the film, the interaction of the effective
B. General mechanisms of structure formation interface is different, but hard to determine explicitly. A com-

) plicating factor is the structure of the wetting layer. kg
The complex interplay between the strength of the two. _ » (Fig. 4), the wetting layer is homogeneous. Fay

surface fields, their dissimilarity and the film thickness can_( tne structure of wetting layer depends on the neighbor-
be summarized as follows: ing film structure.

(i) For thicknesd#H =c,, the phase diagram is dominated We found that the thickness of the wetting layer is three
by basic surface structures and the film thickness i@rid cells everywhere, which means that we can speak of a
such that only shape modulations can occur; half structure. Accordingly, we can consider the homoge-

(i) for incommensurable thicknes$=3/2c,, the phase NeOUS wetting layer as a half lamella'(3) and the structured
diagram is dominated by hybrid structures. We ob-Wetting layers as a half perforated lamella ¢}, half par-
serve combinations of wetting layers and basic surallel CY“”(?GVS (¢, and extremely short perpendicular cyl-
face structures as well as perpendicular cylinders, parinders (G”). Although the mean value of th& density in
allel cylinders and coexistence of Gnd G; the wetting layer changes significantly with structuring, the

(i) for thicknessH=2c,, the surface structures formed thickness of the wetting layer is not affected. A qualitative
at each surface are rather independent of each oth&enclusion is that the effective surface field next to the wet-
and the microdomain structure depends on how thding layer depends on the structure of the wetting layer,

two surface structures fit and sometimes connect tavhich on its turn depends on the strength of the surface field.
each other. The following combinations of thin film structures and

structured wetting layers are observed?lnextto a L, Ci’z,

An important understanding is in the role of the wetting PL*?, and L2 next to a PL, ¢, and L*? next to a G, and
layer, as it screens the interface—bead interactions and effePLY? and L2 next to a G structure. The limited number of
tively reduces the thickness, fromM=c, to H=1/2cy, H combinations is due to restrictions caused by the chain archi-
=3/2cy to H=cy or H=1/2c, andH=2c, to H=3/2c, or  tecture.

H=cq. This effect is discussed below in Sec. IVB 2. In the A good example of the screening effect is the transition
following we give an overview of the main mechanisms of of W—C—-W to W—PL-W, found between the two wetting
structure formation in thin films. layers, in case the interactier is decreasedsee ¢ in Fig.
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7). This transition is in contrast to the transition from © TABLE I. All possible combinations of basic and connected structures in
PL in the absence of a wetting laver that takes place with a‘two layers. Hybrid structures observed in this work are marked with

. . g ,y P Igther combinations, which are not classified as hybrids are denotéd as
increaseof the surface field. This phenomenon can be eX-he structured* is out of the range of this article, but was observed for the
plained by the fact that the film thickness is effectively re-symmetric case and a larger parameter sgReé. 16. The structurex* is
duced toH =, and the top wetting layer transforms from a equal to CC in'our notation. Structures with superscript letters were ob-
structured one (9 to a homogeneous wetting layer’() ~ Served in experiments.

with decreasings,v,l, such that the surface field is finally _ W c, c
fully screened in the middle of the film for the smallest value

PL L C.C CC,

of ey,. The effective surface field increases with the wettingc S é i ::a 8 X>:’b .
layer transforming from ﬁ‘l‘zto LY2 and reaches a maximum C, X X O X X
at W=L12. PL X xa X o
A similar mechanism is observed in the WG L x ‘b o*
L C.C X x*, X
—W-C, —-W-C,C, transition in the presence of one wet- cc, %

ting layer (#, Fig. 7: at ey =5, C, with a symmetric
d-shape forms next to the structured wetting Iaye’r’??lirhe ®Harrisonet al. (Ref. § (spheres cannot be distinguished from the very short
direction of the necks switche.s from Wi@ (with W oegniadet al. (Ref. 7.

=LY% atey,=4 to W-C C; (with W=PL") atey =8.

As C, is formed from the side where the surface field has a

higher value, this phenomena reflects the changing location )

of the surface field maximum from one side of the film to the4- Hybrid structures

other.

In the classification of microdomain structures for equal
interactions with the interfacé$§ hybrid structures were ab-
sent. Here, we aim to extend the classification scheme with
these new structures. The hybrid structures can be classified

3. Basic surface structures in the following three classes:

(1) any combination of not-connectaifferentbasic surface
structures(W, C,, C,, PL, L). These microdomain
structures appear when the surface fields at each of the
interfaces supports different surface structures. For large
thickness, these combinations are separated by layers of
the bulk(C) morphology;

connected basic structures. The only observed connected
basic structures are combinations of parallel and perpen-
dicular cylinders: @C, and C C;;

@ combination of(1) and (2). In the explored parameter

" range, we only observed WC , W-C C,, and
C-C.G.

As observed previously%1®1"1®pasic parallel surface
structures are present in films with commensurakeléec-
tive) thickness, where one of blocks preferentially wets the
surface. For relatively weak surface fields, iS formed.

With increasing strength of the surface field noncylindrical
structures are induced and a decrease of curvature of t )
A-B interface in the closest layer to the surface is observed:
C, transforms first to PL and then to (which has the same
symmetry as the surfageWith increasing film thickness
these phase boundaries shift to higher surface field strengt
An effect that can be attributed to interference of surface
fields from both surfacetee Sec. IVB L

~ The basic surface structure, Cliffers from G only in The behavior of the (bulk) cylindrical structures
orientation. One source of this structure is a balance be'[weel{tH ,C,) is somewnhat different from the surface reconstruc-
enthalpic and entropic contributions to the free enérgyte tions W, PL, and L. An important observation is that con-
weak repulsion_of _the!\-component from the surface is bal- | octeq GC, and G C, structures are present at several film
anced by a gain in entropy when the shortest part of theyickness due to their flexibility in adopting to different
chains is close to the surface. In our case, the interactions gickness. In experiments, this structures are observed and
each interface are mostly not equal, and there is a subtigsfered to as “cylinders with necks"The G is the only
balance. For small thickness, @ stable further away from - g¢,cture G can connect to when the two structures are si-
the diagonaky = ey into higherey values €x=6,7). For  janeously formed in neighboring layers. The phase
larger commensurable film thickness, the stability region ofhoundaries between these two basic structurean@ C are
C, shrinks to a region close to the diagortat the same |ess distinct than boundaries between cylindrical and noncy-
ex=6, 7 values lindrical structures, as both (@nd G ) are able to modulate

Another source of Cis incommensurability; when the their shapes. In particular, @ansforms with increasing film
thickness of the film is incommensurable with the naturalthickness continuously to,C, which leads us to the conclu-
periodicity of the bulk microdomain structure. In this casesjon that this phase transition is not of first order.
the formation of G is frustrated and Coften forms through- The following Table | summarizes the observed hybrid
out the film. However, perfect Cstructures are only ob- structuregmarked byx). The W-dis structure has only been
served close to the symmetry lingy =&y, further away observed forH=c,. We claim that all other combinations
from this line, coexistent parallel and perpendicular struc-not marked byx may be possible, but are not observed in
tures as well as connected structures are dominant. the studied parameter range.



J. Chem. Phys., Vol. 120, No. 2, 8 January 2004 Thin films of cylinder-forming block copolymers 1135

5. Coexistence of microdomain structures simulated phase diagram slices for dissimilar interfaces to

On the boundaries between basic surface structures, whe simulation phase diagram for equal interfaceg

often find laterally coexisting structures within one layer. =&, (Fig. 3 in Knoll et al*%).
These structures are also observed in experintéms. in The main difference is the presence of hybrid structures.
experiments, the system can have difficulties to overcom&he hybrid GC, structure was only observed as modulated
shallow energy barriers in the free energy landscape. Theylinders for equal interfaces at incommensurable film thick-
coexisting structuregfor example, PL/Q) are, therefore, ness in the wedge-shape geomeffig. 1 in Ref. 16. This
found when the free energy differences between the twatructure is not very pronounced and might be a long-living
structures is relatively small. Due to our dynamic scheme théransient state between betweenafid C . On the contrary,
system can sometimes visit long-living metastable states. in the situation of dissimilar interfaces,C, are well pro-
nounced stable structures. We have checked the stability of

C. Comparison to other results the GC, in our case of dissimilar interfaces by extending the
time range of the simulation, and found them indeed to be
1. Comparison to confined lamellae forming systems stable.

As mentioned in the introduction, several groups have  Concentrating first on the phase diagrams for constant
studied thin films of lamella forming block copolymefera  film thickness H (co,3/2co,2c) we observe that for the
review, see Ref. 3 Here, we compare our new results for sSmallestH=co, changing eitheey or ey, only leads to a
cylinder forming triblock copolymers to existing results for shift of the phase boundaries, apart from shape modulations
lamella forming systems. In both cases the film thickness antar away from the diagonal IineMlstz. For the incom-
the surface field strength determine the phase diagram. Thiensurabled =3/2c,, a small change in one of the surface
orientational phase transition+ L, —L,* with increasing  interaction values or ey, leads to a drastic change of the

thickness is analogggus to ouf-6C, —C, transition. film structure. Away from the diagonal line of equal surface
In Fasolkaet al,™ the effect of dissimilar substrates was jeractions, we observe large regions dominated by wetting

considered theoretically using self-consistent field theory a”qjayers or hybrid structures C, . In the presence of wetting
compared to their own experiments. Apart from the two bajgyers, the transitions of the structures in the remaining film

sic surface structures;land L, , a few hybrid structures ¢giow the route G —C,—PL—L with increasinge, . For

were observed. For very small thicknes$<{ 3L,), with L, _ . .
the equilibrium lamella period. and sliahtly dissimilar condi- H=2c,, large structural changes appear only in the region
quitbriu period, ghtly dissimi " where onesy is small and the other large.

tions they observed a wetting layer with a perpendicular
4 g perp Upon comparing Fig. 3 in Knolét al® with the phase

structure connected to ifHY in their notation; for larger di h - f1h icl h
thickness H>3L,) and one attracting and one repulsive in- 9'29ram shown in Fig. 4 of the present article, whejg,

terface, a wetting layer with a disconnected perpendicular 6 andey, was varied, we see that the main features are
structure, separated by a layer of the other compofreil relatively well preserved. In both phase diagrams we observe
in their notation and an anti-symmetric surface parallel nested regions of G PL (and ), both in the presence and
lamellae(AFL) were found. Due to the fact that the calcula- absence of wetting layers. In the case of dissimilar interfaces
tions are two-dimensional, the exact natutee in plane in regions of negative values afy , the wetting layer is
structurg of the perpendicular structure cannot be deteronly present at one side of the slit, which shifts this region to
mined. somewhat lowerH values compared to Fig. 3 in Knoll
As in Ref. 28 only ultra-thin films were consideretl (et al® In Fig. 3 in Knoll et al® there is a very distinct and
<L,) and the interaction range considered is limited, a comfully connected center region of Garounds, = 3, where the
parison with our system is hard to make. From a conceptuatnthalpic contribution balances the entropic effect. This re-
point of view, the observed hybrid structur@sY, AHY, and  gion has outliers at incommensurabiedue to the frustration
AFL) can be universally classified in terms of our cylindrical of parallel structures, with an extend that is decreasing with
system as (T, (HY), W-C, (AHY), and W-G (AFL) increasingH. In Fig. 4 of the present articles(,,=6) a
structures, respectively. If we consider the sequesge  region of similar shape can be found at the same or slightly
=—3, ey, =6 with increasing film thickness in Fig. 4, it smaller ey, position for H<7. For higherH values, this
may be compared to a line through the phase diagram of thexgion is absent since the balance of energetic and entropic
lamella forming system folR~—0.5 (Fig. 8 in Fasolka interaction is not strictly satisfied at both interfaces simulta-
et al?®). The observed sequence of microdomain structureaeously.
with increasingH is HL, AHY, and AFL. This is indeed

analogous to the sequence W-dis, W-~Gind W-G ob- 3 Comparison with experiments

served in Fig. 4 of the present work.
d P In Knoll et all®?*the phase diagram for polystyrene-

block-polybutadienblockpolystyrene was measured as func-
tion of the film thickness and polymer concentration. We
In this section we consider the following question: To have showtf'!’ that the effect of polymer concentration can
what extend does dissimilarity of the interfaces alter thebe modeled by effective interaction parameters that depend
main features of the phase diagrams of Kneflal?!® In  on polymer concentration. In Refs. 16 and 17 we used the
order to answer this question, we compare the four newlpsequence of phases at the air—film interface to map the inter-

2. Compatrison to simulations with equal interfaces
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action parameters to the experimentally controlled parameter H
polymer concentratiorbp. We found a very good match 12+ e
with the experimental phase diagram for g{g=6.5 and (a) 1=
SM"’(I)p.
The interactions between poly-styrenéPS/poly- 97
butadiengPB) and the silicon substrate have not been deter- 1

mined experimentally. A homogeneousl0 nm thick PB o) i (o
layer was found experimentally to cover the air—polymer (b) 5 T 5
-1 3

interface®® indicating a positivee), value at the film—air g,
interface. Moreover, recent experiments show that a wetting H=64 .o 5 &M%, 5 S
layer is present at the silicon substraténdicating a nega- - ! : . - >
tive g\, at the film—substrate interface. ", W—C.. Cx .

In the simulation phase diagraiffFig. 4), the region 2ﬁ W-dis 21 T
where the sequence of phases matches the experiments is a 1 ’
rather narrow region aroundMl=sM2=6. An interesting 4: '4:E|
observation is that foe <—2 the same sequence of sur-  H=7y s & A0 5 B
face structures is observed as in the experiment, however, I ; > & : I >
with a wetting layer at one side of the film. Moreover, in this " ", wici-w
part of the phase diagram the sequence of phases with in- 21 w- S -21 | =
creasingH is rather insensitive to changes @,t,z. This ob- 4: 4- - W=Cj ___‘J_:
servation led us to an attempt to map out the possible inter- . :l "
actions parametetsy ands,\,|2 that are compatible with the Hegy s Eg ”=1%'_o % i
experimentally observed sequence of phases. o . . > Sm'P;.—CaICu-CJ. d >

In the spirit of Refs. 16 and 17, the constraining infor- . . W-C.
mation is the experimentally observed sequence of phases -21 w-pL w=cj| & . f
with increasing height and the experimental evidence for a il w-cic. [&
A-rich wetting layer at the film—substrate interf&ééor dif- | 1w o
ferent H we have done simulations for e,(,|1,s,\,|2) H=9a10 - Ao i &
e[—10--—1,4--10] and determined the regions were the P ey R =
surface structure matches the experiment and forms at the Em) z 8""_
film—substrate interface a wetting layéFig. 10. The re- 24 e IS 2
gions where we observe the same sequence of phases as in  {w-t
the experiment, namely, W-dis, W-C W-C,, W-PL, “] 41

W-C;, W-G,C, is limited by 5<&,<6 and is broad in
the direction Ofle. We emphasize that in atomic force fig. 10. (3 Position of the planes displayed ih). (b) Phase diagram for
microscopy only the lateral structure at the air—film interfaceconstant film thickness =6,7...12. For everf, the region where the se-

is observed and that,C, can be distinguished from,Conly quence of surfaces structures at the alr_—fllm mterféﬁmrespondl_ng to
&u,) matches the experiment, is marked in gray. In the bottom right panel

by the,dlﬁerent spacing of mlcrOdomalh,S' the region where for alH the gray regions overlap, is marked in black.
This result demonstrates the screening effect of the wet-

ting layer. The wetting layer reduces the effective film thick-
ness bycy/2 and creates for the remaining film almost equalyt similar substrates considered before. In many surface sup-
surface interactions at both “effective” interfaces. Remark-pqrteq films, the polymer blocks have different interaction
ably, this region is rather independentaqj . This also ex-  ith the supporting substrate and the free surface.
plains the good agreement between the experiments and the Thijs article is the latest step towards an unifying picture
simulations with equal interfaces, despite the dissimilar inof the phase behavior in thin films of cylinder forming block
terfaces in the experiment. copolymers. The main feature of systems with dissimilar in-
terfaces is the presence of hybrid structures. These structures
V. CONCLUSIONS are combinations of basi_c surface struct_urqs:(@lin_ders,
oriented parallel to the interfageC, (cylinders, oriented

In general, the phase behavior of block copolymer filmsperpendicular to the interfagePL (perforated lamella L
can be understood in terms of a balance between surfadtamella, and W (wetting layej. Stable hybrid structures
fields and commensurability effeci€ompetition between appear when different surface structures are stabilized at
the bulk equilibrium structural periodicity and the film thick- each interface of the film. In thick filmsH=2cy) the sur-
ness. We have studied the phase behavior of thin films offace structures at both interfaces form rather independent of
cylinder forming triblock copolymers between dissimilar in- each other. In thinner films commensurability effects deter-
terfaces. Although completely “free(deformable interfaces  mine how different structures connect to each other. In addi-
are outside the scope of this article, the situation of dissimilation, additivity of surface fields plays an important role in
substrates is closer to the experimental reality than the caghkin films (H=<2cy). The only connected basic structures
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