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We have used a dynamic density functional the@ipFT) for polymeric systems, to simulate the
formation of micro phases in a melt of an asymmetric block copolyieB, (f o= 1/3), both in the

bulk and in a thin film. In the DDFT model a polymer is represented as a chain of springs and beads.
A spring mimics the stretching behavior of a chain fragment and the spring constant is calculated
with the Gaussian chain approximation. Simulations were always started from a homogeneous
system. We have mainly investigated the final morphology, adopted by the system. First, we have
studied the bulk behavior. The diblock copolymer forms a hexagonal packed arrAyricih
cylinders, embedded in B-rich matrix. Film calculations have been done by confining a polymer
melt in a slit. Both the slit width and surface-polymer interactions were varied. With the outcomes
a phase diagram for confined films has been constructed. Various phases are predicted: parallel
cylinders (C,), perpendicular cylindersQ,), parallel lamellae I(;), and parallel perforated
lamellae CL;). When the film surfaces are preferentially wet by eitherAlwe theB block, parallel
oriented microdomains are preferred. A perpendicular cylindrical phase is stable when neither the
nor B block preferentially wets the surfaces. The predicted phase diagram is in accordance with
experimental data in the literature and explains the experimentally observed differences between
films of asymmetric block copolymers with only two parameters: the film thickness and the
energetic preference of the surface for one of the polymer blocks. We have also observed, that
confinement speeds up the process of long range ordering of the microdomai@900cAmerican
Institute of Physicg.S0021-960600)70504-§

I. INTRODUCTION studied extensively by experimerits® and theory:*=?! In
these films the microdomains have a lamellar shape as in a
bulk system. The lamellae align parallel with the film, when
The physics behind the microstructure of block copoly-a difference between the surface energies of the two blocks
mer materials has been investigated extensively in the lagixists(selective interfacésIn unconfined films, terraces are
three decades. From a scientific point of view, these materiformed with a step height of about the equilibrium lamellar
als are interesting, because order—disorder transitions can beriod in the bulk, because the thickness of a homogeneous
studied under relatively simple experimental conditions andiim is not commensurate with an integer amount of lamellae
a variety of microstructures have been obsefv@¥arious  without frustrating the lamellar peridt>*®1°2°In confined
types of block copolymers are also commercially interestingilms, frustration cannot be avoided and the lamellar period
because they are able to improve the mechanical propertiefeviates from the bulk valu€:'®* Random copolymers have
of materials. Typical examples of copolymers of industrialbeen used to tune the interactions between the interfaces and
interest are polystyrene-polybutadie(RS—PB or PS—PB-  the two different copolymer blocké:*®Films with nonselec-
PS block copolymers, widely applied in bitumen for roofing tive surfaces have been prepared in this way. In these films,
and road application, in adhesives and in a range of polyconfined and unconfined, the frustration of the lamellar pe-
meric materials. riod is avoided by changing the orientation of the lamellae
The last decade also a growing amount of studies offrom parallel with to perpendicular to the film surfaces.
films of block copolymers have been published in the Relatively little work has been done on films of asym-
literature®* The most important objective for these studiesmetric block copolymers. It is hard to sketch a complete
seems to be the search for surfaces with controllable patterfsicture of the film behavior with the help of the experimental
on a nanometer scale, which could be useful in electroniglat£?—3' and theoretical investigatiori$> published in the
applications. literature. Our research will focus on block copolymers, that
Up until now, most of the work has been done on sym-form cylindrical domains in the bulk melt. All experimental
metric diblock copolymersf~0.5. Thin films have been studies seem to agree that parallel aligned cylinders are
present in equilibrated films with a thickness larger then a

3Author to whom correspondence should be addressed. Electronic maif€W domains &2D). A perpen'dicular oriented Cyllindrical
Menno.A.vanDijk@opc.shell.com phase has been observed, but it was shown that this morphol-

A. Block copolymer thin films

0021-9606/2000/112(5)/2452/11/$17.00 2452 © 2000 American Institute of Physics
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ogy was caused by rapid solvent evaporation during the filr)mer is represented as a string of beads. The core of the
preparatior’’ Various observations have been made for thintheory is the Langevin equation of motion, which describes
flms (<2D). In example, it is thought that perpendicular the evolution of mesoscopic field%,in our case the bead
oriented cylinders are formed in unconfined films of PS—densities,

PB-PS(30% 9 supported by a solid substratechannel- J

like structures have been observed in free standing films of ()
PS—PB(30% 9 (Refs. 28, 31and other noncylindrical mor- at
phologies, have been observed 86??® The presence of wherep,(r), M,, and u,(r) are the bead density field, the
noncylindrical morphologies is an interesting feature of filmsmobility parameter, and the intrinsic chemical potential field
of asymmetric copolymers. These observations support gf a bead of type I, respectively. In principle, this equation is
weak segregation limi¢WSL) analysis, which has predicted an extension of the diffusion equation. The last term on the
that homogeneous surface fields can drive a transition from gght-hand side of Eq(1) is stochastic noisey,(r,t), which

=MV (N)Vu(r) +m(r,t), (€

cylindrical to a lamellar phas®. is distributed according to the fluctuation-dissipation
theoren*
B. This study As mentioned in the Introduction, we model a film as a

In this paper, we want to discuss model calculations Orpolymgr melt confined in a slit. Ob_viously, the surfaces of
thin films of asymmetric diblock copolymers, that form athe slit are regarded as hard objegts and mass tran.sport
cylindrical phase in the bulk. We will systematically inves- through these objects has to be forbidden. Therefore, rigid-
tigate the influences of both the film thickness and the sur!vall boundary conditions are used for the diffusion fluxes in
face interactions on the microstructure of the films. the vicinity of the surfacesy u,-n=0, wheren is the normal

Recently, new techniques have been developed to sim®f the slit surface.
late the behavior of block copolymeric systems on mesos- . 1N€ Wo terms on the r.h.s. of Eql) reflect the two
copic length scales, i.e., dissipative particle dynaniRBD) origins of mass flux in the system. Diffusion fluxes are
(Ref. 34 and a dynamic density functional thedDFT).25 driven by variations of the bead chemical potential through-
We Have used the DDFT approach. The DDFT modél comOut the system. These fluxes will drive the system to states,
bines the Langevin equation, which handles the dynamics olyhich correspond to glObé_‘I or local minima Qf the free en-
a mesoscopic scale, and a free energy functional for polygrgy. Random fluxes are induced by the noise term. These
mers, based on the Gaussian chain model. The model h&&ndom fluxes enable the system to overcome small ener-
previously been used to study the diffusive dynamics of thege,t'c barriers. Without _the noise, an unstable homogeneous
domain formation process of a symmetric diblock mlxtur.e of mo!ef:ules will not start to phase separate, because
copolymer>* A detailed validation has been carried out on there is no driving forcey u,(r)=0.
(PO),(EO),,(PO),, block copolymer surfactant§. The theory
was adapted to describe the behavior of block copolymeé

. Free energy model

under sheai’ Recently, the theory has been extended to _ o _ o
study the influence of hard objects on the domain formation ~ The fieldu,(r) connects the Langevin equation with the
process of block copolymers. polymer model behind the DDFT formalism. This intrinsic

In fact, our study is a systematic investigation of a blockchemical potential field can be calculated from the free en-
copolymer melt in contact with a specific class of hard ob-ergy, F, of the system,u,(r)=éF/dp(r). In the DDFT
jects: infinite parallel surfaces. In our calculations we mimicmodel the following free energy functional is used to model
a film as a polymer melt confined in a slit and assume thathe behavior of an one-component polymer migft
the finite size of the polymer/air interface can be neglected. o
We will construct a phase diagram, which will be compared  F[{p}]=—kTIn n—'—z f U,(r)p,(r)dr
with experimental data, reported in the literature. Although, L
we will focus on the final micro structure in the system, we 1
will also briefly discuss the influence of confinement on the + EE f f e3(r=r")p(r)py(r")ydr’dr
dynamics of domain formation process. VI

In this article, we will subsequently explain the most 1
important features of the theoretical background of the used + 52 fvaslm(f—r')m(f)PM(f')df’df
DDFT approach, give the parameters we have used in our
calculations, discuss the results we have obtained, and draw 1 _\2
conclusions. +§KHV2L Z Pu(f)—2 P|> dr, 2

II. THEORY whereV is the system volume andis the excluded volume

of a bead. Note that the excluded volumes of all bead types

are chosen equal. The first two terms on the r.h.s. account for
In the following sections we give a quick overview of the entropy of a system af ideal Gaussian chains in an

the most important aspects of the DDFT mottel®383°In  external fieldU,(r).% In the next section we will come back

the DDFT model a box with periodic boundaries is filled to these external fields. In EQR) @ is the single chain par-

with fixed amounts of beads of different typ¢hl;}. A poly-  tition function. In the Gaussian approximation a polymer

A. Dynamics
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chain is treated as a string of beads connected by spring§s[u](r)
with a spring constant of I8T/2a®, wherea is the RMS
end-to-end distance of the polymer chain fragment between _ _
two neighboring beads in the absence of external filds. CM(r)JVN\P(rl’ AM) X ar = rgdrydry,

The third term on the r.h.s. is the energy contribution of ®)
the bead—bead interactions. The bead—bead interaction pghereC is a normalization constafitand M(r) is the so-
tential £,5(r—r’) has to describe the interactions betweencalled mask field, which defines the morphology of the hard
the chain fragments, captured by the behdmd J at the  Objects in the systertin our case the slit surfacednside a
positionsr and r’. Gaussian kernels are used for thesehard objectM(r)=0(¢y=1) and outsideM(r)=1(¢y

potentials®® =0). Equation(5) can be evaluated efficiently with the help
of a Green propagator formalistfiwhich we will not dis-
o 312 3 o cuss in this article.
en(r=r=epy| 52| &R -520-1)7. @ Due to the density function#b), we have a closed set of

_ equations. Using Eq(5), the external fielddJ,(r) can be
From Eq.(3) it follows that the range of the bead-bead found given certain bead density profilpsg(r). When the
interactions is comparable to the size of the chain fragmentgg|gs U,(r) andp,(r) are known, the free energy can be
represented by the beads. The paramefefs related to the  cajculated with Eq(2). The chemical potential fielg, (r)

widely used Flory—Huggins paramef€r,x;;=(e);+¢3  can be calculated from. With 11, (r) we are able to integrate
—ej —£9;)/2vkT, and can be interpreted as a cohesive enthe Langevin equatiofd).

ergy. The functional form of the potential captures the most
important physics of the interactions and is easy to handle i
mathematical operations.

The fourth term of Eq(2) models the interaction be- A Crank—Nicolson scheme is used for the numerical in-
tween the beads and the slit surfaces. The surface-bead pégration of Eq(1).%® Starting configurations for the integra-
tential has the same functional dependence as the bead—bdih are zero external potential fields and homogeneous den-
interaction potentia(3). In the DDFT a density fielghy () sity distributions. The time integration is carried out as long
is assigned to the hard objectaasks; ¢, =pyv=1 inside as the mesoscopic structure seems to change. The evolution
and ¢, =0 outside the object® of the density fields during the simulation is monitored with

The last term of Eq(2) takes into account the excluded the help of an order parametéywhich is defined as follows:

B, Computational procedure

volume interactions, by imposing a free energy penalty when v2

the total density deviates at a certain position from its aver- P= —2 J(plz(r)—ﬁz)dr. (6)

age value®* The parametek,, is the Helfand compress- v

ibility parameter. At t=0 P equals zero. When the system has reached its

equilibrium state or becomes trapped in a local minimum of
the free energyP levels off to a constant value. When
C. Density functionals: Dealing with hard surfaces reaches a plateau \{alue, the demixing of unlike beads is_com-
plete. However, this does not mean that the system is no
As said before, a polymer film is represented as a polyionger in motion, because is insensitive to dynamic pro-
mer melt confined between two parallel hard walls, a slit. Incesses, that do not significantly increase the degree of demix-
this section, we will shortly discuss how hard objects arejng. Therefore, we use in combination with a direct evalu-
incorporated in the DDFT approach. ation of the density fields.
In the preceding section, we have discussed the free en-  Eyen when no dynamics is observed in the density fields,
ergy model(2), but we did not address the external fields e still have to be careful in stating that the system has
U,(r). These fields are conjugate with the density fields viareached a global or local minimum in the free energy, be-

the Gaussian chain density functiorialThe distribution  cause it is possible that the time scales of the dynamics are
function of a single chain oN beads with a certain confor- peyond the time scale of our simulation.

mation, given by a set of coordinat@s; ,...,ry}, is

3 N E. Confined and unconfined films
- _ 2 _ 2 . L . .
W(ry,...rn) = d exp{ 232 522 (Fs=rs-1) Many experiments on thin films, reported in the litera-
N ture, are done with unconfined films. As a consequence, the
film can form terraces in order to avoid unfavorable film
_321 Us(ro)/KT|. (4) thicknesses. In our calculations, we represent a film as a slit

and therefore the layer is confined to a certain thickness and
The first term in the exponent is the stretching entropy of arthe terrace formation process can not be simulated directly.
isolated Gaussian chain. The second term in the exponertiowever, it is possible to predict the formation of terraces in
which contains the external field, incorporates the influencainconfined films by analysing the free energy as a function
of the polymeric medium on the chain. The ensemble averef the slit widthH.?! If an uniform unconfined film with an
age bead densityg(r) of a certain bead at positionr is as  areaA has an unfavorable thicknebk it can separate in two
follows:® coexisting phases with thicknesdd$ andH”, which cover
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the areas\’ andA”. The free energy of the unconfined film 014
can be calculated form the free energy of a confined film, in
our case the slit, with,

Funcon=A"feon(H') + A" fcon( H"), (7)
0.03

wheref.,,{H’) is the free energy per unit area of the con-
fined film with thicknessH'. Minimization of Eq.(7) with 008
respect toH’, H”, A’, and A", given the constraints of
conservation of film areaA=A’+A", and material AH

0.12

0.04

=A"H’+A"H", results in the following equalities; 002
g
0.00
_ U')fconfz If cont 1 10 100 1000 10000
JH' — gH" y
feon(H') —feon H”) ®) FIG. 1. The order paramet& as a function of the number of time steps
{= 0 —H" for a bulk system with the dimensions 832x 32.

The solution of these equalities can be obtained by plotting _
feonf @S @ function oH and constructing a common tangent interval y=7/A7=[0,100, the separation of thé and B

line. blocks into domains takes place. In this time sp&nand
B-rich domains are formed. In Fig.(@ the isodensity sur-
IIl. RESULTS AND DISCUSSION faces of theA beads are shownp,=p,v=0.33(y=100).

The structure consists of a network of overlappifgich
spheres embedded inBarich matrix. In the time intervay

All calculations are done with aAzBg diblock copoly-  =[100,100Q the separation of th&- andB-beads continues,
mer model (~0.33). The number of beads in the polymer the A-rich cylinders grow in length and a network is formed,
chain N=9) is small enough to ensure computational effi-Figs. 2b) (y=200) and 2c) (y=1000). Aty>1000, the
ciency and large enough for a reasonable description of theetwork breaks down into separate cylinders, Fi@) 2y
configurational behavior of the chaif The energetic inter- =10000). This last process clearly illustrates that the order
action between beads of the same type is set to z.eig ( parameter is not sensitive to all dynamics in the system. We
=£35;=0). The A—B interaction is chosen to be repulsive can conclude that in a bulk system A§Bg(xyN=18) a cy-
(sXB/vaZXZZ). This parameter was obtained by fitting lindrical phase is formed. However, they are still not packed
the order—disorder transition temperature of a PS—PB—Pi a hexagonal array. To observe hexagonal packing, a much
triblock copolymef® with an A;B;,A; model. As a conse- longer simulation time should have been chosen, which was
quence, the bulk behavior of this block copolymer is compahot useful for our purpose. The formation of a cylindrical
rable with a SB block copolymer system with &,, phase is in agreement with self-consistent mean field
~35000 g/mol afT~413K. We expect for this particular (SCMP calculations forAB diblock copolymerg?®
block copolymer systemy(N=18) a hexagonal packed cy- To obtain the domain—domain distance of B bulk
lindrical phase in the bulf® system,D,, we have also simulated in a 8464X1 box.

The calculations are done on a cubic grid, which has gridDue to the assumption of homogeneity in one dimension, the
constanth. The bond lengtha is chosen such thaa/h development of long range order takes less time. After
=1.1543, which is the optimal ratio for DDFT =4000 areasonable hexagonal pattern has developed, Fig. 3.
calculations®* The mobility parameters of the beads wereWe have determined by hand tHag=7+0.5.
assumed to be equal ,=Mg=M. The dimensionless time
step is set taA 7= M At/h?kT=0.73, which is larger then the C. Phase behavior in a slit
optimal value 0.5 but small enough to ensure numerical sta-
bility. The noise scaling parameter@=h?/v=100 and the
compressibilityx /kT=6. It is known that this choice fdn

gives the best numerical performance for purely diffusiveboundar effects on the final microstructure and small
systems>* The chosen value fok, is large enough to y

constrain the total density to the average total density an?on%%ggtg i?esrlrll;eti? ;enzfosr}gbI_?hceogﬁu;itr'?a'laelsssvierg' rneeerged
only allows small spatial fluctuations. Y ysIs. P

sented as planes with a thickness of 1 grid point and posi-

tioned parallel to thd. XL faces of the box. The two sur-

faces were placed at the box boundaries, see Fig. 4. The
Before we can discuss the domain formatiomAgBg in resulting slit widthH equalsW-2 grid points. We have sys-

a slit, we have investigated its behavior in the bulk. We havdematically variedH and the difference between tie and

simulated the micro phase separation process in a cubic bdsurface interactions¢=(s%y—egy)/VkT. We always

of dimensionL X L X L grid points (=32). The calculations used&%,,=0. Simulations were done until at leaBt had

were started with a homogeneous melt. In Fig. 1 we havdeveled off to a constant value. However, to limit the com-

plotted the order paramet& as a function of time. In the putation time, needed to do a systematic analysis, we did not

A. Parameters

The slit calculations have been performed in boxes of
dimensionL X L X W grid points. All calculations have been
done with L=32, which is large enough to avoid strong

B. Bulk behavior
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FIG. 2. The isodensity surfaces of the
A-beads,$,=0.33, of a 3X32x32
bulk system,(a y=100, (b) 200, (c)
1000, and(d) 10000.

(b) (d)

always simulate until the morphology was defect free. Thesome of the proposed phase boundaries are supported by
different phases were determined by visual assessment of tlomly two data points. In Fig. 6, we have plotted the isoden-
density profiles. sity surfaces of thé-beads ¢p,=0.33) of systems located at

The results are listed in Table I. With this table we havedifferent points in the phase diagram. Various morphologies
constructed a phase diagram for #hBg model, Fig. 5. The have been observed; parallel cylindef3), Figs. 6a) and
black dots correspond with the calculations listed in Table 1.6(b), perpendicular cylinders3, ), Fig. 6(c), parallel lamel-
The solid lines represent the proposed phase boundaries. Olbe (L), Figs. &d) and Ge), and parallel perforated lamel-
viously, the obtained phase diagram is not complete anthe, called cartenoid—lamelléé,(cL||), Fig. ).

The phase diagram, Fig. 5, clearly shows that parallel
morphologies are dominant arouge0 and 1.75 C;, L,
andCL,). This is caused by the preference of the surfaces
for one of the polymer blocks. Figuresab and 6d) make
clear that at¢é=0 A-enriched layers are formed at the slit
surfaces. At¢é=1.75, B-rich layers develop adjacent to the
surfaces, see Figs(@ and Ge). Due to the selective nature

FIG. 4. The simulation box for slit calculations. The slit surfaces are placed
FIG. 3. The density profile of th& beads in a 64 64X 1 bulk system at  at the top and bottom faces of the box. Periodic boundary conditions are
y=4000. applied at the other faces of the box.
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TABLE I. An overview of all simulations, which have been done. Where
£=(e%y—e3)/VKT, H is the slit width expressed in grid pointsis the
number of layers of-rich domains excluding the boundary layers, anid
the number of time steps of sizer. The various observed morphologies are
referred to withC, (parallel cylinders C, (perpendicular cylindejsL,
(parallel lamellag andCL, (cartenoid-lamellge

¢ H Phase I y=1/A7
0 5 Ly - 700
6 " - 300
7 ” - 2000
8 C, - "
9 ” -
10 ol 1 "
11 ” 1 ”
12 1
13 1
14 C,+C, 1 6000
15 C, - 2000
16 C, 2 "
0.44 6 Ly - 2000
7 C, - "
10 ” - ”
11 o 1 ”
15 C, -
0.73 12 C, - 2000
18 "
0.88 5 C, - 4000
6 ; "
7 ” - 2000
8 " ; "
9 -
10 -
11 " - 4000
12 C, 2 2000
13 2 6000
14 C, - 2000
15 " - "
16 2000
17 ” - 4000
18 C, 3 2000
20 C, - "
22 ” - ”
24 C 4 4000
1.32 6 cL, 1 2000
7 o 1 "
8 C,+C, 1 600
10 C, - 2000
11 o 2 ”
15 C,
1.75 5 L, - 2200
6 " - 2000
7 CL, 1 "
8 ol 1 "
9 C, - "
10 C, 2
11 ” 2 ”
12 ” 2 ”
13 " 2
14 2
15 " 2 8000
16 " 3 2000

Block copolymers in a thin film 2457

25

20 +

15 1

-0.5 0.0 0.5 1.0 1.5 2.0
$

FIG. 5. The phase diagram of @gBg melt confined in a sli(film). The

dots indicate where the simulations have been calculated. The thick solid
lines are the proposed phase boundaries. The numbers added to the symbols
are thel values, listed in Table I.

of the slit surfaces, the polymer molecule has to orient itself
in such a way that thé\/B interfaces and thus the micro-
domains have to align parallel with the slit surfaces, Fig. 7. It
is interesting to notice that the slit surfaces behave as selec-
tive surfaces at¢é=0, although both theA-surface and
B-surface interactions were set to zero. Therefore, the pref-
erence for theA-blocks must have a purely entropic origin.
Till now, the mechanism behind this entropic attraction is
not understood.

Although, parallel morphologies are predicted for nearly
every value ofH at é~0 and 1.75, perpendicular cylinders,
C,, are formed at certain slit widths. Apparently, the
domain—domain distande for the parallel cylindrical phase
deviates to much from the bulk value at these widths and the
surface—polymer interactions no longer compensate the in-
crease of the free energy due to stretching or compression of
the polymer chains. As a consequence, the cylinders adopt a
perpendicular orientation in order reduce the stress on the
polymer chains an@~D,. This is confirmed by the fact
that at bothé=0 and 1.75 the distance between two succeed-
ing C, -phasesAH, is close to the closest distance between
two layers of cylinders a bulk systerdDv3~6. This be-
havior has already been predicted for symmetric block co-
polymers confined in a slit with selective surfa¢$! Par-
allel lamellae are formed at nearly all values téf but at
certain widths perpendicular lamellae are more stable.

The perpendicular cylindrical phasg, , dominates the
phase diagram aroung=0.75. The energetic preference of
the B-beads for the surface is balanced by the entropic pref-
erence of theA-beads. As a consequence, the surfaces act as
nonselective surfaces. The elastic stress due to frustration of
the domain—domain distance is not compensated by favor-
able surface—polymer interactions. Therefore, parallel cylin-
ders are unstable compared to perpendicular cylinders for
nearly every value oH. Again, theA;Bg polymer has the
same behavior as a symmetric diblock copolyffér:?*in
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FIG. 6. The isodensity surfaceg,
=0.33, of various systems. The slit
surfaces are always located at the top
and bottom faces of the simulation
box. Parallel cylindrical phase<;:
(@ é&=0 andH=13 and(b) ¢é€=1.75
and H=12. Perpendicular cylindrical
phase,C, ; (c) £&=0.75 andH=18.
Lamellar phased,: (d) £&=0 andH
=7 and (e é=1.75 and H=6.
Cartenoid-lamellar phas&€L,: (f) &
=1.75andH=7.

slits with selective surfaces lamellae dominate the phase dias suppressed by the surface—polymer interactions, which are
gram of a symmetric block copolymer. Perpendicular orien-homogeneous parallel to the surface. Surface induced
tations of the lamellae are very stable in films with nonseleccylinder-lamellar transitions have already been predicted in
tive surface. The important difference between #Bg  the weak segregation limitVSL).3? It would be interesting
polymer and the symmetric block copolymer is the definitionto study the behavior of the phase diagraméatO and ¢
of a nonselective surface. This has the same origin as the fast1 75. For reasons of time, we have limited ourselves to
that at¢é=0 the A-block preferentially wets the surfaces. =[0,1.75. We expect that at larger slit widths, i.¢i~12

_ Another interesting feature of the phase diagram is thgy 17 the cylindrical phase will transfer in a cartenoid-
§X|stence of noncylindrical morpholog|es in slits with SE|eC'IameIIar or lamellar phase.
tive surfaces; lamellar (), Figs. @d) and @e), and Finally, we want to compare the predicted phase dia-
cartenoid-lamellar¢L,) phases, Fig. @®). Lateral patterning gram with experimental data, published in the literature. Two
difficulties have to be faced. First, all experiments on asym-
metric block copolymers are done with unconfined films and
our calculations are done with a slit, which is comparable
with a confined film. As a consequence, not all phases, pre-
dicted by the DDFT model, will be observed in the experi-
ments. We will address this point in Sec. 1l D. Second, it is
hard to locate the experimental systems accurately on the
&-axis of our phase diagram.

A suitable experimental system for comparison with the
&>1 results, seems to be a PS—P®olystyrene—
FIG. 7. The orientation ofa diblqck copolymer chain i€a(right) andC polybutadieng block copolymer withfg~0.3. In PS—PB
(left) phases. When a cylinder orients parallel to the surface, the molecule i iims, theB block is preferentially adsorbed at the film inter-

oriented perpendicular. A perpendicular orientation of the cylinder forces ) ) . ) )
the molecule in a parallel orientation. face. Unconfined films of this polymer have been studied in
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detail with cross-sectional TENF. Two different phases "
were observed; €L structure in the thinnest part of the film 00
and aC, phases in the rest of the film. These two phases are
predicted with the DDFT calculations. Even the order of the
phases is predicted correctly. The DDFT predictions also
agree with the experimental finding thaCd.; structure ex-
ists in films with a thicknessiH~25-27 nm, of the same ~
order as the bulk domain—domain distanbg~22 nm. The
DDFT model locates th€L, phase aH~6-7, which is of
the same order as the predicted bulk domain—domain dis-
tance,Dy~7. It is interesting to compare the PS—PB and
PS—PB-P3$Refs. 25, 3Dstudies. From AFM experimerits 03
it had been concluded that the thinnest areas of the triblockg. g The surface tension as a function of the slit widtid. The solid
copolymer films have &, morphology. However, we think dots are the calculated points. The dashed line is the common tangent line,
that what was called @, phase is in fact £L, phase. With  used to determine the stable film thicknesses in an unconfined film.
AFM it is hard to assign the domains to styrene or butadiene.
This hinders the discrimination of t@, andCL; phases in
an AFM experiment, because both phases have a hexagora{perimental studies. We have suggested that this is caused
structure viewed from the top. by the fact, that our slit calculations are comparable with
The £=0 side of the phase diagram can be comparedonfined films and all experiments were done with uncon-
with experimental data of unconfined films of PEP—PEEfined films. In Sec. IlE we have already discussed that an
(PEP is polyethylene-propylene and PEE polye-unconfined film may avoid less favourable valuestbby
thylethyleng,®* fpe=0.77, and PS—PB:?8f~0.7. In both  the formation of terraceeparation in coexisting layers with
systems, the surfaces are preferentially wet by the smalleslifferent thicknessgs We have also explained that the ter-
block, PEE and PB. In PEP—PEE films two structures haveaces in unconfined films can be predicted with the free en-
been observed; |, phase in the thinnest film ar@, phases ergy of confined filmgin our case the slit If our suggestion
at all other film thicknesses. Both phases are predicted by thig true, the unfavorable thicknesses at, ié&=,0 should cor-
DDFT model. As in the experiments, the DDFT predictionsrespond with the predicte@, phases. In Fig. 8, we have
locate thel, phase aH~D, Table I. In the PS—PB films a plotted y=h?(F ¢on— Fru)/AKT as a function oH for slits
spherical orC, phase has been observed t8dhis phase with £=0. Note thaty is in fact the surface tension. The
exist at film thicknesses between the and theC, phases, solid dots are the calculated points and the dotted line repre-
which agrees with our calculations. sents the common tangent line. The negative sigry a$
At the end of this comparison with literature data, two caused by the choicel,=£95=0. It can be shown that
remarks have to be made. First, experimental studies on filmsonzero values for these parameters give a width indepen-
with nonselective surfaces have not been reported until nowdent contribution toy and does not alter the density profiles.
Therefore, it is not possible to validate the region arognd The maxima in the curve are located k&9 and 14,
=0.75 in the predicted phase diagram and the existence afhich corresponds wittC, phases. The common tangent
the C, structures at high values &f is still and open issue. line makes clear that a film with an average thickness
In principle, it must be possible to do experiments on films=9, will separate in &, and aC, phase, Fig. @&). The same
with nonselective surfaces by coating the film substrate witlreasoning will hold for the behavior of an unconfined film
a thin layer of a random copolymer, because this has alreadyith an average thickne$$= 14. This film will separate into
been done with films of symmetric block copolymét$®>  two coexistingC, phases, Fig. @). These predictions agree
Second, we have predicted varioDs phases at certain val- with the behavior of unconfined PEP—PEE filfisliscussed
ues ofH in slits with selective surfaces, but most of thesein the preceding section. The formation of terraces of parallel
phases are not observed in the experiments discussed aboweiented cylinders,C; phases, has also been observed in
We are convinced that this is a consequence of the differendeVP—PS films {p,p=0.25) %
between confined and unconfined films. As said before, a slit
system is comparable with a confined film and the experi-
ments on asymmetric block copolymer films were alwaysE. Dynamics in a slit

done with unconfined films. In the next section, we will Beside information on the phase behavior of thed
show that this is indeed the case. Direct evidence for thesﬁﬁolecule in a slit we also obtained a lot of data orﬁ the

phases can only be obtained by experiments on C(_)nﬁne&/namics of microphase separation in a gtibnfined thin
films, which has already been done with symmetric OIIbI()Ckfilm) by our simulations. In this section, we want to show

copolymers:* that the slit has a strong influence on the ordering dynamics.
However, a more extensive discussion is deferred to a fol-
lowing publication.

In the preceding section, we discussed our slit calcula- We have already observed in tAgBg bulk calculations,
tions and compared the results with experimental data. MostectionB, that the domain formation process consists of sev-
of the perpendicular cylindrical phases were not found in theeral processes with different time and length scales, e.g., the

-0.1

D. Unconfined films
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a-H=9
—-H=12
—a—bulk

1 10 100 1000 10000
FIG. 9. A schematic picture of terrace formation irf&0 film: (a) sepa- 7

ration in coexisting.; andC, phases anb) in two C, phases. FIG. 10. The order parametéras a function of timey for three different

systems: 3% 32X 32 bulk (A), slit H=9 and¢=0() and slitH=12 and
£=0(0).
formation a network of cylinderéshort range orderfrom a
homogeneous melt and the ordering of these cylinders in
arrays(long range order H=9 system continues more gradually. Even the demixing
An important effect of confinement on the ordering dy- of a bulk system takes place much faster. The amplitude of
namics ofA;Bg can be seen, when the iso-density surfaces othe initially developed density oscillations, producing paral-
Abeads in a bulk systefifrig. 2) are compared with, i.e., the lel layers, does not grow further. The period of the density
results of slit calculations shown in Fig. 6 and listed in Tableoscillation, which equals 4.5, deviates to much from the dis-
I. Clearly, the formation of long range ordered structures igance between two neighbouring layers of cylinders in a bulk
sped up by the slit. Whereas the time scale for long rangsystem,3 D,v3, to form a stable parallel structure. Further
ordering exceedy=10000 in a bulk system, it is aboyt segregation takes place in perpendicular oriented domains,
=2000 in most of the slit systems. This agrees with DDFTFig. 11(d). The rearrangement of the micro structure from a
results on lamellae forming block copolyméPfsThe influ-  parallel to perpendicular structure is a slow process. This has
ence of the slit is at least twofold. First, it is known that already been predicted for lamellae forming systems with a
external forces, like electric fielfsand flow fields3’ can  Landau—Ginzburg-type of theofy.
reduce the time scales connected with long range ordering It is likely that besides the slit widthl also the selectiv-
enormously. The influence of a slit on the ordering procesgéty of the slit surfacest will have a strong influence on the
can be thought of in terms of an external force. Second, irprocess of short range ordering. A systematic analysis of the
the direction perpendicular to the slit surfaces the system sizerdering process as a function andH, as we have done
is small compared to the bulk. Therefore, in a slit long rangeor the static behavior in Sec. Il C, deserves further atten-
order has to be established in only two dimensions instead dfon.
three in the bulk.
_ The process of short range ordering, _the formatlon OfIV. CONCLUSIONS
micro domains from a homogeneous melt, is also influenced
by the slit. In Fig. 10 we have plotted the order param®ter A dynamic density functional theory has been used to
as a function of time for two slit system&£0), H=9 study the microdomain formation in thin films of asymmetric
(squaresandH =12 (circles, together with the bulk system block copolymersA;Bg. A thin film was represented as a
(triangley, discussed in Sec. Big. 1). These curves already slit with hard walls.
show that the influence of the slit on the demixing process of =~ We have found that the microstructure of AgBg bulk
the A and B blocks is less universal as on the long rangesystem consists of-rich cylinders embedded in B-rich
ordering. Initially,y<<20, the demixing of thé andB beads matrix. These cylindrical structure orders into a hexagonal
is enhanced in both slit systems, compared to the bulk sygattern.
tem. We have plotted the isodensity surfaces ofAHzeads A systematic analysis of the influences of the film thick-
at y=20(¢,=0.33) for both slit systems in Figs. (g and ness and the surface—polymer interactions on the final mor-
11(b). In both slits theA andB blocks are weakly segregated phology of A;B4 thin films has been carried out. We were
in layers parallel to the surfaces. This layering is induced byable to construct a phase diagram. Various morphologies
the surfaces, because thAeblocks are attracted for reasons have been predicted: parallel cylindeiS,), perpendicular
already discussed in the preceding section. Large differenceylinders (C,), parallel lamellae I;,), and cartenoid-
in the demixing behavior appear gt-20. ForH=12 the lamellae CL)).
order parameter rapidly increases to a semiplateau value at Parallel morphologies are dominant in films with sur-
abouty=100. Aty=100 a 2D network ofA-rich cylinders  faces having a preference for one of the blocks of the co-
has developed parallel to the surface, Fig(cL1Abovey polymer(selective surfacesDue to the surface induced ori-
=100P only slowly increases. The nodes in the networkentation of the block copolymer, the microdomains have to
disappear and a parallel cylinders remain, which have alarrange parallel to the surfaces. However, at certain thick-
ready been shown in Fig.(®. Where the demixing in the nesses perpendicular cylinders were formed. At these thick-
H=12 system accelerates aboye 20, the demixing in the nesses, the gain in energy due to favorable surface—polymer
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(b) (d)

FIG. 11. The isodensity surfaceg,=f,~0.33, in slit systems witf=0: (a) y=20 andH=12, (b) y=20 andH=9, (c) y=100 andH=12, and(d) y
=100 andH=09.

interactions is no longer sufficient to counteract the free enwith unconfined films and our calculations are done with
ergy loss, due to the stretching or compression of polymeconfined systems.

chains in parallel morphologies. A region where perpendicu- We have briefly studied the influence of the slit on the
lar cylinders were stable for nearly every film thickness, hasrdering dynamics. We have found that in a slit the process
been found too. In this region, neither thenor theB-block  of long range ordering was enhanced compared to the bulk.
preferentially wets the film surfaces and the surfaces have afhe influence on the ordering a smaller length scales, the
energetic preference for the largest block of the polymerdemixing of the blocks in separate domains, was less univer-
needed to balance the entropic preference for the shortesél. A more systematic study has to be done.

block. The mechanism behind this entropic preference is still

not understood and deserves further attention. Generally, WecKNOWLEDGMENTS
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