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Monte Carlo simulations of diblock copolymer thin films confined between
two homogeneous surfaces

Qiang Wang, Qiliang Yan, Paul F. Nealey, and Juan J. de Pablo
Department of Chemical Engineering, University of Wisconsin-Madison, Madison, Wisconsin 53706-1691

(Received 27 July 1999; accepted 30 September)1999

Thin films of symmetric diblock copolymers confined between two hard, flat and homogeneous
surfaces have been investigated by means of Monte Carlo simulations on a simple cubic lattice. For
such simulations, the match between bulk lamellar pekigdnd the simulation box size is crucial

to obtain meaningful results. The simulations have been performed in an expanded grand-canonical
ensemble, where the chemical potential and the temperature of the confined films are specified and
the density is allowed to fluctuate. The dependence of morphology, density, and chain conformation
in the confined films on the type of surfaces, surface separation, and the strength of surface-block
interactions has been studied systematically. Our results are consistent with experimental findings.
© 2000 American Institute of Physids$0021-960809)51148-3

I. INTRODUCTION and holes is suppressed by confining the copolymers be-
) ) ) tween two hard(impenetrablg surfaces. In this case, the
Diblock copolymer molecules consist of two chemically frysiration between surface separatibnand bulk lamellar
distinct polymer chaingblocks covalently bonded at one periodL, may force the copolymers to change the period of

end. This makes a phase separation in the traditional SeN$fe confined lamella&lenoted byL) from Lo, or to adopt a
impossible; instead, diblock copolymers undergo Order_different lamellar orientation '

disorder transition§ODT) manifested at a microscopic or Experimental studies of diblock copolymer thin films

mesoscopic level. IF IS now vyeII understood that diblock €O"confined between two hard and homogeneous surfaces show
polymer melts exhibit a variety of ordered structures; the

resulting microphase-separated states depend on the com tgat, due to the strong tendency by the surface to preferen-
9 P P P Ff|ally attract one of the two blocks, the lamellae tend to ori-

sition of the polymer. In the case of symmetric diblock €O~ Lt parallel to the surfacds® When the same blocks are
polymers, wheré andB blocks have the same volume frac- referred by both surfaces, the number of bilayers within the
tion, the equilibrium ordered structure is a spatially periodicp callel | n): llae (denot d,b M is an int yr between
lamellar structure characterized by an alternating arrang ara el amefiae eloe yn) s a eger betwee
D/Ly—3 and D/Ly+ 3. WhenD/Lg is not an integer, the

ment of A-rich and B-rich layers, i.e.,A—-B, B—A, A-B, . ; .
confined lamellar periodl deviates fronlL, to accommodate

etc. : .
Recently, the study of diblock copolymer thin films has the frustration. The confined lamellae are compressed and
’ stretched in a cyclic manner as a functiondf 3 A first-

attracted significant interest because of their potential appli "
cations in nano-fabrication. Most research has been carrig?fder transition appears to occur between the compressed
out on symmetric diblock copolymers. In the bulk, such co-2nd the stretched states of the copolymer ch]a?rﬁurther
polymers exhibit a characteristic period of lamellar micro- €XPeriments also show that, as surface-block interactions be-
domains(denoted byl ) at temperatures below the ODT. In come less specific, an additional increase in the fru_stratlon
the case of diblock copolymer thin films, the tendency toPetweenD and L, can lead to formation of perpendicular
form lamellae with the bulk period, surface-block interac-lamellae withL~L, near at least one of the surfacésTEM
tions, and confinement by surfaces, all have important effecténages show that the perpendicular orientation is
on the morphology of the films, thereby making them radi-Short-ranged:* Huanget al. studied experimentally symmet-
cally different from their bulk counterparts. ric diblock copolymer thin films confined between two neu-
In general, the interactions between the surfaces and tH&al surfaces. Perpendicular lamellae were observed
two blocks are different; the surfaces preferentially attracthroughout the entire filfi.These experiments are discussed
one of the two blocks, and lamellae orient parallel to thein more detail in Sec. V.
surfaces. The number of bilayers of parallel lamellae is an ~ Several years ago Kikuchi and Binder performed Monte
integer if the same blocks are preferred by both surface€arlo simulations of symmetric diblock copolymer thin films
(similar surfacel or half an odd integer if different blocks confined between two identical, hard, homogeneous, and
are preferred by the two surfac@lissimilar surfaces When  parallel surfaces with weak repulsion to one of the two
the top surface is frege.g., ai, the frustration between film blocks (symmetric surfaces'’ A simple cubic lattice model
thickness(denoted byD) andL,, i.e., the fact thaD/L, is  was used in their simulations. Due to the surface preference,
not an integer for similar surfaces or half an odd integer fodlamellae were found to align parallel to the surfaces when the
dissimilar surfaces, can be released by forming islands anfiustration between the surface separation bgavas small.
holes on the free surface. However, the formation of island3'he number of bilayers of the parallel lamellae, which is an
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integer in their simulations, was found to be a function of thelamellar phases observed in the experiments and simulations
surface separatioh! In the case of strong frustration be- are kinetically favored, rather than true equilibrium
tween the surface separation ahg, these authors found structures. However, we have a slightly different point of
tilted or deformed lamellar structures, and even coexistenceiew regarding the formation of the mixed morphology. We
of lamellae having different orientatiofis. However, our also address this issue in Sec. V.
calculations indicate that there was a significant mismatch Monte Carlo simulations of confined copolymer thin
betweenlL, and the simulation box size used in their simu-films could provide valuable insights regarding molecular
lations, which could have influenced the reported perpeneonfigurations in such systems; that information is difficult
dicular structures. This issue is addressed in more detail itp extract from experiment or theory. Simulations could also
Sec. Il validate theoretical predictions, which necessarily involve a
Theoretical studies have also been conducted to undegeries of approximations. Unfortunately, to the best of our
stand the morphology of symmetric diblock copolymer thinknowledge, only one simulation study of confined copoly-
films confined between two hard, homogeneous, infinite anghers has appeared in the literatbfeAs discussed in Sec.
parallel surfaces. For two neutral surfaces having no prefedll, it is possible that the simulation box size employed by
ence for either one of the two blocks, perpendicular lamellad<ikuchi and Binder might have adversely influenced some of
have been predicted to be the most stable morphology, rdheir results. Furthermore, their simulations were performed
gardless of the surface separatfohPickett and Balazs ex- in a canonical ensembI&NVT simulationg, where it is not
plained this by the nematic ordering of the segments near theossible to consider density fluctuations in the confined
surfaces that arises from the orientational constraint imposefims.

by the hard surfacésMatsen attributed this behavior to the In this paper, we present results of Monte Carlo simula-
existence of a negative line tension where theB inter-  tions of symmetric diblock copolymer thin films confined
faces intersect the surfaces. between two hard, homogeneous and parallel surfaces. Such

For the case of two identical surfaces with preferentiaisimulations were performed in an expanded grand-canonical
surface-block interactionssymmetric surface$ % parallel ~ ensemble. The confined copolymers were in equilibrium
symmetric lamellagconfigurations with an integer number With a bulk phase having a specified chemical potential and
of bilayers and perpendicular lamellae with the bulk period temperature. The density of the confined thin film was thus
have been predicted theoretically, depending on the extent @flowed to fluctuate during the simulation. We focus on the
frustration betwee® andL, and the strength of the surface dependence of the morphology, density, and chain conforma-
preference. If the surface preference is weak, perpendiculdion in the confined films on the film thickness and the
lamellae occur when parallel symmetric lamellae are leasptrength of the surface preference. This paper is organized as
favorable as the frustration betweerD and L, follows: In Sec. Il we describe the model and the simulation
increase&*1213For the perpendicular structure, preferential Methodology. In Sec. IIl we discuss the match betwegn
segregation of the wetting blocks to both surfaces is pre;;md simulation box size, which is crucial for simulations of
dicted, which causes some oscillation of the—B  lamellar structures with periodic boundary conditi¢R8C),
interface®13The parallel antisymmetric lamelldeonfigu- and the_ anisotropy of a cu_bic Iat_tice. In Sec. _IV we present
rations with half an odd integer number of bilayepre- the major resu_lts _of our simulations _for co_nflned_ films. Ir_1
dicted by Turnet! are never favored, but they are metastable>€C- V We qualitatively compare our simulations with experi-
whenever a perpendicular structure is anticip&2t13in- mental results, an_d addre;s the issue of the mixed morphol-
creasing the surface preference leads to a breakdown of tR9y- The last section provides a summary.
perpendicular structure in favor of the parallel symmetric onq; MoODEL
for fixed surface separatioig*3

For the case of two dissimilar surfaces preferring differ-
ent blocks, there exists a limited regime over which parallel ~ We use a simple cubic lattice model in our simulations.
antisymmetric lamellae can be fouRd?'® Again, perpen- A symmetric diblock copolymer chain consists of the same
dicular lamellae have been predicted when parallel lamellaaumber of A and B segments connected by bonds whose
are least favorable as the frustration incredsédn their length is taken to be the lattice unit. Each segment occupies
Cahn—Hilliard calculations of antisymmetric surfadé®o  one lattice site, and each lattice site is occupied by at most
surfaces attract opposite blocks with the same strength ajne segment. A rectangular simulation box of dimensions
surface-block interaction Brown and Chakrabarti observed L,, L, andL, is employed. Periodic boundary conditions
perpendicular structures which were in some cases signifiPBC) are imposed in th& andy directions. For simulations
cantly different from well-formed perpendicular lamellfe. in the bulk, PBC are also imposed in tlzedirection. To

Matsen developed a self-consistent-field theory to examsimulate a confined film, two flat and homogeneous surfaces
ine complex morphology in thin films of diblock are introduced through the lattice siteszat0 andz=L,
copolymers’ He found that for symmetric diblock copoly- + 1, respectively, as shown in Fig. 1. To represent hard sur-
mers, the mixed lamellar phases encountered in théaces, these lattice sites are not allowed to be occupied by
experiment$ and Monte Carlo simulatioAsare slightly un-  polymer segments. Diblock copolymers are therefore con-
stable relative to perpendicular lamellae. But a small asymfined to a thin-film geometry of thickness=L,—1.
metry in the diblock copolymer molecules stabilizes a mixed In our model, we only consider repulsion between
lamellar phase. This raises the possibility that the mixechearest-neighboA—B pairs separated by one lattice unit

A. Simple cubic lattice model
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/\ Homogeneous Surface tagged chain. In each of these attempts, two pieces consisting

of m Aandm B segments, respectively, are appended to or
removed from the corresponding ends of the tagged chain. If
the tagged chain grows into a full chain of lengdh it turns
into a normal chain; a new zero-length tagged chain is then
created. On the other hand, if the tagged chain shrinks to
X zero length, a randomly chosen normal chain becomes
/ tagged. To facilitate transitions, configurational bias is used
L, for these growing/shrinking moves, as described below.
A tagged molecule can havd different states. States
0 - y=1 andy=M correspond to a zero-length and a full-length
L -y chain, respectively. Other states are related to the instanta-
Y neous length of the tagged chaify) by r(y)=2m(y—1).
FIG. 1. Surface configuration for confined films. Each surface casbe ~Growing/shrinking trial moves are accepted with probability:

(repelling B blocks, sB (repelling A blocks or neutral surface. .
Pene P P accep MiN[ L(Wg) > exp(Wy , 5~ e pAUIL
1

(ep_g>0), and we set,_n= eg_g=0. Interactions between where Wg is the Rosenbluth weight associated with the
vacancies(unoccupied lattice sitesand polymer segments growth process if§=+1 and with the hypothetical reverse

are also set to zero. Three kinds of sites populate the sugrowth process ib= — 1. The Rosenbluth weight is given by

faces:sA, sB, andsN, whose nature depends on the type of - ,

surface-block interactions. For simplicity, we sefy_a We= L')

L,+1

=€snpT€saa=€sp =0, and €spp=€sp a=aen g, _i:fA+1 z
where «>0. The larger the value ok, the stronger the wherer x=min[ry)r(y+ ], ra=max{ry)riy+ ], n(i) is

surface-block repulsion. A homogeneous surface consistinghe number of unoccupied sites for thil segment around
of sN sites is neutral, with no preference for either of the WOy o previous {— 1)th segment of the tagged chain, and

?lOdeS'tA ho:r;]ogcsageousf sur’face C(l)I’ISIStIngSGf stltes(rs—. =6 for a simple cubic lattice. In Eql), ¥, is the pre-
erred to as the surface”) repelsB segments, and is weighting factor for staty, given by

therefore preferential té®\ segments, and vice versa. The
difference betweer p_, and esa g (€sp_p aNd egg_g) Can y—1 Nc
be viewed as a chemical potential difference between the two \Py:m< Bu—In V) '
species at theA (sB) surface. The total energy in our sys-
tem is given by

2

whereN. is the total number of chains in the system, includ-
ing the tagged chain if#1; B=1/(kgT), kg is Boltzmann’s
E=na_gea_tNsa-BEsa-BT Nsp_A€sp-A, constant, and is the absolute temperature;is the specified
wheren,_g is the number of nearest-neighb&r-B pairs, chemical potential an¥ is the volur_ne. In I_Eq(_l), Ap is the
Neas iS the number of nearest-neighbBrsegments to the €Neray change caused by a growing/shrinking trial move.

sA surface, andhgg_, is the number of nearest-neighbar The “chunk size” m is an important parameter in ex-
segments to theB surface. panded grand-canonical ensemble simulations. A small value

of m can lead to an unnecessarily large number of interme-
diate states, while a large value can cause a low acceptance
ratio. If m=N/2, the expanded grand-canonical ensemble re-
duces to a conventional grand-canonical ensemble. We opti-
We perform Monte Carlo simulations in a variant of the mized the chunk size in a manner similar to that outlined in
expanded grand-canonical ensemble method proposed by BRef. 15, and found an optimal value wi= 2 for our system,
cobedo and de Pabf8.The chemical potential and tempera- which leads to an acceptance ratio of about 20% for the
ture of the simulated system are specified prior to a simulagrowing/shrinking moves in our simulations.
tion. The confined copolymers are therefore in equilibrium  For dense polymer melts, growing/shrinking moves ac-
with a bulk phase having the same chemical potential andelerate the equilibration of the system. According to our
temperature, and the density of the system is allowed to flucealculations, the number of Monte Carlo stddgfined be-
tuate during the simulation. In addition to molecule displacedow) needed for equilibration in the expanded grand-
ments by reptation moves and loo@rankshaft and kink- canonical ensemble is about half of that required in NVT
jump) moves, we employ growing/shrinking moves in our simulations. Growing/shrinking moves also help prevent the
simulations to gradually insert/remove particles from the syssystem from getting trapped in configurations corresponding
tem. to local energy minima. In our simulations we observed mul-
During a simulation, the system consistsMyf—1 nor- tiple transitions from one type of morphology to another
mal chains of lengtiN and a tagged chain. The length of the even after the system had reached a locally stable state. More
tagged chain is allowed to fluctuate between 0 &hdin-  importantly, simulations in the expanded grand-canonical en-
stead of creating or annihilating a whole chain in a singlesemble allow us to study density changes of the confined
step, growing or shrinking moves are attempted for thefilms. This is not possible in NVT simulations.

B. Simulations in an expanded grand-canonical
ensemble
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We study symmetric diblock copolymers of chain lengthaligned. Those in the direction are also aligned for simula-

N=24. We set the reduced chemical potentialudt=8u

=41.5 for all the simulations in the expanded grand-

tions in the bulk, but not aligned for simulations in the con-
fined films.

canonical ensemble. In the range of temperatures studied

here, this leads to densities of thin filnysercentage of oc-
cupied lattice sites in our systeraf around 0.8, which cor-

respond to highly concentrated copolymer solutions or

melts® A standard Metropolis algorithm is employed in our
simulations. One Monte Carlo stgMCS) consists of 0.8
XLyXLyXL, trials of reptation, local and growing/

shrinking moves, each of which occurs with the same prob

ability. In general, we discard the first 100000 MCS for
equilibration, then make a run of 500 000 MCS while col-
lecting data every 5 MCS.

C. Characterization of morphology

1. Order parameter profile

2. Orientation profile of diblock copolymer chains

We define an orientation vector pointing from the center-
of-mass ofA block to the center-of-mass & block (on the
same moleculeto describe the orientation of a diblock co-
polymer chain. Since we are only concerned with the orien-
tation of chains relative to the surfaces, we calculate
{|cos@(2)|), and{cosé(2)),, where G< 6(z)< is the angle
between the direction of theaxis and the orientation vector
of a chain whose center-of-ma¢®r the whole chaih is
located betweerz—0.5 andz+0.5 (z=1,2,..,L,) in any
given configuration of the syster1; ), is an average over all
such chains in each collected configuration, and over 1000
successively collected configuratiofwhich correspond to
5000 MCS for simulations in the expanded grand-canonical

To characterize the morphology observed in our simulaensemblg Such an average can provide us with qualitative

tions, we calculate the order parameter profiles alongxthe
y, andz directions. The order parameter profile along xhe
direction, for example, igpa(X)— pg(X)), wherepa(x) is
the percentage of lattice sites occupiedAgegments in the
cross section of §—z plane at a giverx, and( ) represents
an average over all the collected configurati¢efser equili-
bration.

and “instantaneous” information of some locally stable
morphology.

In perpendicular lamellagélong either thex or y direc-
tion), chains are mainly parallel to the surfaces, and therefore
0(z)~ /2, {|cosé(2)|)p=~0, and (cosf(2)),~0. In parallel
lamellae, chains are mainly perpendicular to the surfaces,
and therefored(z)~0 or 7, (|cosé(2)|)p~1, and({cosi(2)),

For lamellar structures, we can use the normal to the~1 [in the case of)(z)~0] or —1 [in the case of)(z)~m].

A-B interfacial plane(referred to as the “normal of the

Due to morphology irregularities, we choogecosé(2)|),

lamellae”) to represent the orientation of the lamellae. The=(1/x) [{|cos#dé= 2/ as the criterion between the perpen-
order parameter profile along the direction of this normaldicular and parallel orientations of the chains. This quantity

features the spatially alternative arrangemenfeaich and

B-rich layers. Since the density of our films is around 0.8,

is represented by a dotted line in the subsequent figures of
chain orientation profiles.

the maximum and minimum value of the order parameter

profile along this direction should be close to Qi A-rich
layerg and —0.8 (in B-rich layers, respectively, and the

period of the oscillation of the order parameter profile is
equal to the lamellar period, provided that a lamellar struc-

ture is well developedalong this directiohin our simula-
tion.

When there is a translational symmetry along the direc-

tion of the normal of the lamellae, th®—B interfaces have
no preferred locatior(in the fixed coordinatgsalong that

direction. Therefore, in order to keep the oscillating featurefI

of the order parameter profiles along this direction from be
ing smeared out by the averag@e the fixed coordinateswe

aligned the order parameter profile of each configuration b
starting from the cross section where the maximum value

of perpendicular lamellae forming along tledirection, in
which PBC are imposedp(x*)—pg(X*) always has its
maximum value ak* =1 for each collected configuration,

3. Center-of-mass distribution of chains along the z
direction

We also calculate the chain center-of-mass distribution
along thez direction, denoted byD(z)),. For a collected
configuration of the systen) (z) =N.(z)/N., whereN.(z2)
is the number of chains whose center-of-m@dss the whole
chain lies betweerz—0.5 andz+0.5 (z=1,2,..,L,). [Dif-
ferent from Eq.(2), here N. does not include the tagged
chain] For parallel lamellae, the center-of-mass distribution
uctuates along the direction; most chains have their
center-of-mass in the middle of each layer of copolymer
molecules, and only a few chains have their center-of-mass

O)é)etween two neighboring layers of molecules.

the order parameter profile occurs. For example, in the case

Ill. EFFECTS OF PBC AND ANISOTROPY OF CUBIC
LATTICE

It has been pointed otit'8that for lattice simulations of

where x* is the aligned coordinate. Such an aligned ordedamellar structures with periodic boundary conditigR8C),

parameter profile, denoted HyA(Xx*)—pg(x*)), captures

the match between the periodicity of the lamellae and the

lamellar features unequivocally. Due to morphology irregu-PBC is crucial to obtain meaningful results. The spatially

larities, such aligned order parameter profiles have a smafieriodic structure of lamellae induces long-range interactions
positive value in the region neat* =1 even if there is no betweerA andB blocks. In simulations of such systems, the

lamellar structure along thedirection at all. This, however, meaning of imposing PBC when the periodicity of lamellae

does not affect our analysis qualitatively. In this paper, theand PBC are not properly matched is unclear. If they are
order parameter profiles in theandy directions are always mismatched, PBC could change the characteristizie” )
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n TABLE |. Observed(simulated lamellar configurations in different simu-
(Lyen) = i-L, i=0,1,2,.. lation boxe_s. Each row represgnts a different bulk Iamella_r (?onfiguration
? 1 corresponding to the box size given in the left colurtBome distinct runs
gave the same configuration. See text for simulations conducted in each
box,) n,, ny, andn, represent the number of lamellar periods contained in
the simulation box along each axis. For a given observed sgtof, , and
Ly n,, the observed ,, which is rounded to three decimals in the table, is
determined from 3y(n, /L,)*+(n, /L,)*+(n,/L,)?, whereL,, L,, andL,
are the simulation box dimensions. The rows in gray background highlight
FIG. 2. Match between PBC and lamellar period lamellar configurations where thfe-B interfacial plane is parallel to two of
the three axes of the corresponding simulation box. The rows in shaded
background and bold fonts highlight lamellar configurations where\tHg

iod of the | I h hol f th interfacial plane is parallel to none of the three axes of the corresponding
period of the lamellae, or even the morphology of t €simulation box. Some other possible lamellar configurations have not been

diblock copolymers, until these become consistent with PBCegpserved in our bulk simulations.
In that event, the simulated morphology would be an artifact
of the PBC, and not the “true” morphology that would cor-
respond to a system of infinite size. The observed “buck-
ling” of lamellae'’ is a manifestation of this problem.

The periodicity of PBC can be represented by a vector | 25y27%24 11879
Ly=Lyn;, wheren; is the direction in which PBC are im- :
posed, and.,, the length of the simulation box in that direc- 11.766 0 2 ”1
tion. As shown in Fig. 2, the match between periodicity of ' -
lamellae and PBC requires that the projectionLgfin the
direction of the normal of the lamellae, (L,-n), be an 12.093 0 2 i
integer multiple of the lamellar periodl. This should be 26x28x24 5
satisfied for all the directions in which PBC are imposed.

In the first published simulations of confined symmetric
diblock copolymers, Kikuchi and Binder performed Monte
Carlo simulations in a simple cubic latti¢he same as em-
ployed in this work of thin films between two identical,
hard, homogeneougpreferential and parallel surfaces’

Y

Box Size | Observed Ly | ny n n,

—
[\

Their simulation box size was, XL, XD, whereL,=L, are 26x30x24

the lengths in thex andy directions, respectively, in which

PBC are imposed, and wheeis the length in the direc- 11.431 2 0

tion. They observed tilted or deformed lamellar structures,

and even coexistence of lamellae in different orientations in 11.142 0 1 2
the case of strong frustration between surface separation an 12.429 1 2 0
Lo.%” However, since in their simulatiorls, and L, were 12.160 2 1 0
chosen to be 24, while the characteristic period of the lamel- 2TxD8x24 12.093 0 5 1

lae was estimated to Hey~10 (at the temperature of Tf
=en_p/kgT=0.6) % the issue of mismatch between PBC

and Ly could have influenced the reported perpendicular 11.766 2 0 1
structures. While these authors did conduct simulations with 12.355 1 4 0
another box size, namely, =L, =16, to explore finite-size 12.323 4 1
effects in their result®’ the problem of mismatch could per-
sist for that particular box size. 50%51x48

Prior knowledge ol is crucial to prevent such a mis-
match in simulations with periodic boundary conditions
(PBO). However, estimating., accurately from bulk simu-
lations is difficult, as we shall see below. This problem can
be partially alleviated by using large systems, but this re-
quires longer and more demanding calculations.

To estimate., for our symmetric diblock copolymers of each simulation box at each temperature, with the only dif-
chain lengthN= 24, we performed bulk simulations in the ference being the random number generator seed. The
expanded grand-canonical ensemble with four differenchemical potential of the copolymers was set to p&
simulation boxes (2827x24, 26x28x24, 26x30X 24, =41.5 for all these simulations. The observed lamellar con-
27X 28%24) at three reduced temperatures, namély  figurations for these boxes are shown in Table I. The ob-
=kgT/ea_pg=2.2, 2.3, and 2.4. In a different series of simu- served density versus lamellar period for these bulk simula-
lations we had found the ODT of the copolymers to be in thetions is shown by the open symbols in Fig. 3.
rangeT* =2.8~3.0. These temperatures are therefore in the  In these bulk simulations, we observed different lamellar
intermediate segregation regime. We conducted five runs fqueriods in different simulation boxes. Even for identical
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0.806 , : 7 f responding td_y~11.965 is even notably different from the
i ' H : other two. In addition, we can see that, as expected, the range
0.805 éA‘A £ m of the observed., in the large simulation box is much
0.804 A AAE . Vo smaller than that in the ;mall ones.
A FA g o $ _ The above observgtlons suggest tha_lt the obsgrved peaks
¢ osost , 4 ] i & : in {pg) reflect the anisotropy of the simple cubic lattice
: g wi : ' model. The bonds connecting copolymer segments can only
0.802} m ? o be oriented along one of the three axes of the simple cubic
; Oy © lattice; different orientations of lamellae in the lattice may
0.801r A therefore lead to different results. To minimize the effects of
11 15 12L 12.5 13 such anisotropy, we choose to work with simulation boxes

where only the lamellae parallel to two axes can be devel-
FIG. 3. Results of bulk simulations in five simulation boxes listed in Table oped in Our. simulations.

I. Open symbols denote results in the four small simulation boxes; filled From Fig. 3 we can also see that, at the same bulk den-
symbols denote results in the large simulation box. Symbols in the sam8ity, the observed, decreases aB* increases. This is con-
shape_represent results under the same temperature. See text for more gxstent with the relationship between “trud’; andT*: the
planation. characteristic period of lamellae decreases as temperature in-
creases. From our bulk simulation results shown in Fig. 3 we
can see that the observed's are all distributed around 12;
the scatter of our results around 12 is even smaller for the
large simulation box, where the effects of anisotropy of the
lattice model are less pronounced. In light of these observa-
éions, throughout the remainder of this work we simply as-
sume that ;=12 (at T* =2.3 andu* =41.5; these thermo-
dynamic conditions are fixed throughout all subsequent
simulations of confined films This value is well within the
range of all of our bulk simulation results. Furthermore, we
ooseL,=L,=24, i.e., an integer multiple df,. As we

all see below, only perpendicular and parallel orientations

[=]

simulation boxes, we sometimes found different lamellar pe
riods in different runs. From thépg)-L o data shown in Fig.

3 we cannot tell which value of the observieglis nearest to
the “true” Ly. From Fig. 3 we can see thgi,) increases as
the observed., increases. However, there seem to be som
peaks aL =12, 12.5, and 18shown by the dashed lines in
Fig. 3); (po) is notably high at these values bf. To ex-
plain this result, we use th&—B interfacial plane to repre-
sent the orientation of the lamellae. For all the obsellvgd
represented by the open symbols in Fig. 3 except those 0$E
the dashed and dashed—dotted lines, AreB interfacial S . . .
plane in the corresponding lamellar configuration is parallef:)]c lamellae are observed in such simulation boxes.

to only one of the three axes, in which direction the number, ,IF IS |mportant to pomt. out, ho""e"‘?r: thgt even after a
of lamellar periods is Gas shown in Table)l For Ly=12 judicious choice of box dimensions, finite-size effects are

12.5, and 13, thé&—B interfacial plane is parallel to two of reduced'bl'Jt not completely absent. in our simylations. In or-
the three axes, that is, it is parallel to either ¥aey, y—z, or der to eliminate them completely, simulations in m_uch larger
x—z plane of our simulation boxes. These configurationsboxes_ would be necessary; unfortunately.’ calculations Of_ that
lead to notably high values ofpg). In addition, for Lo magnitude are beyond the reach of available computational

~11.426(shown by the dashed—dotted line in Fig. 3, only resources.
one data point fo* =2.4), theA-B interfacial plane ac-
tually interF;ects all three a)xes, that is, it is not psrallel to an))v' RESULTS AND DISCUSSION
of them. This configuration leads to a notably low value of In this section, we present the major results of simula-
(po). It seems that the difference within each “class” of tions of symmetric diblock copolymer thin films confined
lamellar configurations is relatively negligible for these smallbetween two hard, homogeneous, and parallel surfaces.
boxes. Three kinds of surface configurations are considered here:
Similar results were observed when we used a largeneutral surfacegboth surfaces consist afN siteg, symmet-
simulation box of 5&51x48. We conducted nine and five ric surfacegtwo identical surfaces consist eB sites repel-
runs in this simulation box af* =2.3 and 2.4, respectively, ling A segmentg and antisymmetric surfacéthe lower sur-
with the only difference being the random number generatoface consists o$B sites repellingA segments, and the upper
seed. The chemical potential of the copolymers was also ssurface consists A sites repellingB segments; both sur-
to be u*=41.5 for all these simulations. The observedfaces repel the corresponding segments with the same
lamellar configurations in this box are also shown in Table |.strength of surface-block interactiond'he surface separa-
The observed density versus lamellar period for these bulkon varies fromL to 3L in steps of 0.2bg. In the case of
simulations is shown by the filled symbols in Fig. 3. Simi- symmetric and antisymmetric surfaces, two values aof
larly, for Lo=12 (one data point for each temperatyrthe (=esp_pg/€ep_g=€sg_a!/€a_g), 0.5 and 2, are used to repre-
A-B interfacial plane is parallel to the—y plane of our sent a weak and a strong surface preference, respectively.
simulation box. This configuration leads to a notably highThe morphology of the confined diblock copolymer thin
value of (pg). For Ly=~11.915, 11.965, and 12.13¢hree films, the density of the films, the mean square end-to-end
data points observed only at =2.3), theA—B interfacial  distance of the copolymer chains, and the surface-induced
plane actually intersects all three axes. These configuratiorweferential segregation of the segments are discussed in
lead to notably low values dfpy). Note that the result cor- each of the following sections.
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Perpendicular Lamellae Parallel Lamellae
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FIG. 4. Two types of stable morphology observed between two neutral, O ==mmrmmmme eI RS
symmetric, and antisymmetric surfaces.
___ <|cos e(z)|>b
-04 __. <cos 8(z)> |]
A. Morphology of confined symmetric diblock | | 20 - <D(2)>,
copolymer thin films -0.8]

As illustrated in Fig. 4, two types of stable morphology (a) z
are found in our simulations: perpendicular lamellae and par-
allel lamellae. For perpendicular lamellae, the confined
lamellar periodL is always equal to the bulk value,. For
parallel lamellaeL =D/n, whereD is the film thickness,
andn the number of bilayers of parallel lamellae within the
confined films(We assume here that all the half-layers in the
parallel lamellae have the same thickng¥ge found in our :
simulations than is always an integer in the case of sym- _0_4'\‘

metric surfaces, and half an odd integer in the case of anti- \
symmetric surfaces. Therefore, for parallel lamellaecan
deviate fromL if frustration occurs betwee andL,. Itis
useful to define a parametérto measure the extent of such (b) z
frustration; assuming that parallel lamellae wof bilayers o i o i
form throughout the thin film, we definé=D/(nLy)—1 FIG. 5. 'Chaln orientation and center-of-mass dlstrlbutE)n.profllesa)_n
perpendicular lamellae between two neutral surfacés/at)=2; (b) paral
=(L—Lg)/Ly. We can see that>0 when the parallel |e| lamellae between symmetric and strongly preferential surfaces/lag
lamellae are stretched, arf@dcO0 when the parallel lamellae =2. The legend is the same as(@. In both figures, the dotted line repre-
are compressed. Furthermore, the larger the absolute value Qﬂrﬂs the criterion between the perpendicular and parallel orientations of
f, the stronger the frustration. Note thitis a function of ~ chains|cosé@)y=(1/m) fg|coseldo=2/m.
D/L, only. As we shall see later, the valuerofs adopted by
the system in such a way as to minimize the extent of frus-
tration. Even when perpendicular lamellae actually fofm, mass distribution profiles in the parallel lamellae between
can still be calculated as indicated above. symmetric and strongly preferential surfaces separated at
In our simulations for two neutral surfaces with no pref- D/L,=2. We can also see thécosd(z)|), and({D(z)), are
erence for either of the two blocks, perpendicular lamellaealmost 0 az=1 andL,, due to the hard-surface effect. In
with L=L, are found throughout the entire film for all sur- this case, however, this effect is somewhat suppressed by the
face separations, even &t 0. This is consistent with pre- formation of parallel lamellae. We can see that the slope of
dictions from self-consistent-field calculatioh$.Shown in (|cosA(z)|), atz=1 andL, in Fig. 5b) is larger than that in
Fig. 5@ are the chain orientation and center-of-mass distriFig. 5a). Also, there is no peak ofD(z)), atz=2 andL,
bution profiles in the perpendicular lamellae between two—1 in Fig. 5b).
neutral surfaces separatedtil ,=2. We obtain similar re- Figure 6 summarizes the morphology of confined films
sults for all other surface separations studied here. Since céetween two hard and homogenedpseferential surfaces.
polymer molecules cannot penetrate the hard surfaces, chailiée can see that the confined morphology depends on the
close to the surfaces prefer to assume a parallel orientationature of surface-block interactions and the extent of frustra-
This can be seen from the profile ¢fcosf(z)|),. In the tion betweerD andL,. As the surface preference increases,
interior of the confined film (from z=3 to L,—2), lamellae exhibit a stronger tendency to be parallel to the
(|cosé(2)|), has a small positive value of about 0.38 causedsurfaces; the preferred blocks segregate near the correspond-
by the fluctuation off(z). In the immediate vicinity of the ing surfaces to decrease the surface-block interfacial energy.
surfacesat z=1 andL,), however, it is almost 0. Because Consequentlyn is always an integefparallel symmetric
of the entropy loss of chains near the surfaces, few chaintamellag in the case of symmetric surfaces or half an odd
have their center-of-mass very close to the surfaces. Therdateger(parallel antisymmetric lamellaén the case of anti-
fore, (D(2))p, is also almost O there, but exhibits a peaksymmetric surfaces, as shown in Fig. 6. This is consistent
slightly away from the surface@t z=2 andL,—1). We  with results found in the literature®!?**Parallel antisym-
refer to this phenomenon as the “hard-surface effect.” Suchmetric lamellae between symmetric surfaces and parallel
an effect induces the formation of perpendicular lamellassymmetric lamellae between antisymmetric surfaces are
near neutral surfaces. never found in our simulations; in such morphology the
The hard-surface effect is also observed in the case dfurface-block interfacial energy at one of the surfaces would
parallel lamellae between two hafgreferential surfaces. be too high. In parallel lamellae, any frustration betw&en
Shown in Fig. Bb) are the chain orientation and center-of- andLg is accommodated by deviations loffrom L,. Com-

-0.8f - T
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symmetric lamellae are least favorabfeBut their perpen-
dicular morphology in some cases is different from well-

Symmetric sB-sB Surfaces

Tesee
Weakly Preferential (o= 0.5) [P vttt - .
s Y |||ﬁ_ rerarey II|= e formed perpendicular lamellae. For example, in the strong
segregation regime, a weak surface potential, the lowest
Strongly Preferential (= 2) — —-———— iuench tem_perature, aljB/Loél (B=0.01, h.=0.1, €
——- - — e e NN S =0.0, andd= 15, respectively, in their own notatipra per-
S I R : Bh
TR Y S A St Sy v Sy St pendicular lamellae-like structure was observed near each
;o0 025 025 0025 0 0125 -0.167 -0083 0 surface, but the normals of these two lamellae-like structures

were orthogonal. That is, there was a “twist” from one ori-
entation to the other in the middle of the confined fiffin

Antisymmetric sB-sA Surfaces

WeaKly Breferenta] (@03 — ﬁ“‘“—“"“=“ contrast to these predictions, all of the perpendicular lamel-
] ey rrETS PN e lae observed in our simulations were well-formed. Interest-
, e ingly, we did observe comparable “twisted” perpendicular
Suonly PIerental (0°3) | e e i W L structures in some runs, but they only appeared as interme-
s W W S w— — — . w— diate states, and evolved to well-formed perpendicular lamel-
b, 1 125 15 175 2 225 25 275 3 lae as the simulation progressed.
U E U L A B L It is important to mention that in the case of weakly

_ e _ preferential surfaces, we also observed perpendicular lamel-
FIG. 6. lllustration of the morphology of symmetric diblock copolymer thin

films confined between two hard and homogeneg@usferential surfaces. lae .(differe.nt from the parallel morphOIOQy illustrated in Fig.
Light regions represenA blocks and dark regions represe®tblocks. f 6) in various runs for symmetric surfaces separated at
measures the frustration between surface separ@iand bulk lamellar  D/Ly=2.25, as well as for antisymmetric surfaces separated

periodL, . Refer to the text for its definition. For two neutral surflrlstces \{thh atD/Ly=2.75 and 3. Such perpendicular lamellae may cor-
no preference for either of the tw_o blpcks, perpendicular Iame_ ae it respond to local free energy minima. Similar to the simula-
=L, are found throughout the entire film for all surface separations. . . . . .
tions in Sec. lll, the energy barrier between configurations of
parallel and perpendicular lamellae is so large that our sys-

pressing or stretching the confined parallel lamellae would€M cannot overcome it in the course of a finite simulation
cost some elastic energgonformational entropy This cost run. Since a quantitative comparison between the free energy

is minimized by choosing an appropriate valuenofThis is of these two configurations is difficult, we cannot determine

why confined parallel lamellae are compressed and stretch}fthout some ambiguity which morphology is more stable.

in a cyclic manner as a function @f.

From the results shown in Fig. 6 for two weakly prefer-
ential surfaces, we can see that there exists a maximum ab- As mentioned before, our simulations are performed at a
solute value off for the formation of parallel lamellae, de- specified chemical potential; it is therefore possible to study
noted by|f|,. This value corresponds to the maximum how the density of the confined thin films changes with the
extent to which lamellae may be compressed or stretched bsurface preference and the surface separation.
the surfaces. For those surface separations for wificls For the same morphology of the diblock copolymer thin
larger than f |, the diblock copolymers would not accom- films (perpendicular lamellae with=L,, or parallel lamel-
modate such frustration by excessively compressing olae with the same number of bilaygrsve find that the den-
stretching the lamellae parallel to the surfaces. Instead, thesity of the confined film(p) increases as the film thickneBs
change their orientation to form perpendicular lamellae ofincreases. Figure 7 shows such a relationship for perpendicu-
L=L,, at the lesser cost of increasing the surface-block infar lamellae. The data for symmetric and antisymmetric sur-
terfacial energy. This change of orientation is a manifestatiorfiaces in Fig. 7 correspond to the case of weakly preferential
of the competition between tendencies to form lamellae withsurfaces. The bulk value of the dens{}:8036 correspond-
the bulk period and to decrease the surface-block interfaciahg to Ly=12 in the bulk simulationsis represented by a
energy?91213 dashed line; we can see that the density of the confined films

Our results also indicate théf|,,, increases as the sur- is below the bulk value for all surface separations. Bss
face preference increases. Note that in the case of neutredcreases, this confinement effect is less pronounced and the
surfacedf|.,=0, which implies that forming parallel lamel- density of the films increases towards the bulk value, as
lae cannot reduce the surface-block interfacial energy. Peshown in Fig. 7. As expected, we can also see in Fig. 7 that,
pendicular lamellae with. =L, therefore occur even d  for a given value of surface separation, the density of the thin
=0, induced by the hard-surface effect. Similarly, parallelfilm between two preferentidtepulsive surfaces is smaller
antisymmetric lamellae between symmetric surfaces and pathan that of the film between two neutral surfaces.
allel symmetric lamellae between antisymmetric surfaces are Figure 8a) shows that, for parallel lamellae with the
not preferred over perpendicular lamell@éich cost almost same number of bilayers between symmetric surfages (
the same surface-block interfacial energgven if they have =1, 2, and 3, the density increases & increases. Figure
a period ofL. 8(a) also shows that the density slightly increases as surface-

In their Cahn—Hilliard calculations for antisymmetric block repulsion increases. Similar results are obtained for
surfaces attracting different blocks, Brown and Chakrabartparallel lamellae between antisymmetric surfaces, as shown
also observed perpendicular morphology when parallel antiin Fig. 8b).

B. Density of confined thin films
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FIG. 7. Density of perpendicular lamellae confined between two neutral of'G- 9. Density profile of perpendicular lamellae confined between two

(weakly) preferential surfaces. The dashed line represents the bulk densil?"/eakly) preferential or neutral surfaceB/L, in each case is given in the
0.8036. egend, where S” denotes symmetric surfaces A" denotes antisymmet-

ric surfaces, and N” denotes two neutral surfaces. The dashed line repre-
sents the bulk density 0.8036.

To understand better the behavior of the density of con-

fined thin films, we examine the density profile along the decreases due to surface—block repulsion. Similar results are

direction, {p(z)). Kikuchi and Bindef pointed out that, to  found for the density profiles of perpendicular lamellae be-

reduce the block—block and surface—block interfacial entween two neutral surfacgglso shown in Fig. 9 foD/L,

ergy, vacancies slightly accumulate At-B interfaces as =2), where the decrease of density near the neutral surfaces

well as near the surfaces. Our calculations confirm the obseis simply due to the hard-surface effect. The results for all

vations of these authors. Shown in Fig. 9 are the densitpther perpendicular lamellae observed in our simulations are

profiles along the direction for perpendicular lamellae be- comparable. From Fig. 9 we can see that in perpendicular

tween two(weakly) preferential surfaces. The bulk value of lamellae, the density profile near the surfaces is governed by

the density(0.8036 corresponding th,=12 in the bulk the nature of surface—block interactions.

simulation$ is again represented by a dashed line. We can  Figure 10 shows the density profiles along thdirec-

see that in the interior of the confined films the density istion, (p(z)), for parallel lamellae witm=2 between sym-

close to the bulk value, but near the surfaces the densitynetric and strongly preferential surfaces. The results for all
other parallel lamellae observed in our simulations are com-
parable. The accumulation of vacancies at #eB inter-

0.804 faces becomes apparent in this figure. Since such accumula-
tion is caused by repulsion betwenand B segments, the
strength of the surface—block repulsion has only a slight ef-

0.8t fect on the density profiles. We find that as the surface—block
A repulsion increases, the density near the surfdaez=1
v andL,) follows opposite trends for perpendicular lamellae
0.796+ (where the density decreageand for parallel lamellae
(where the density slightly increagesThis might explain
why the density of parallel lamellae slightly increases as the

0.792— 5 5 75 3 st.rength of surface—bloclk. repulsion incrgases, as shown in

(a) ’ DL, ' Figs. 8a) and 8b). In addition, the frustratiofistretching or
compressing of the confined parallel lamellae has obvious

0.806

0.802 0.84

0.798 082

A
¢ 0.4
0.794; A4
\3;_0.78
079 0.76
0.786 0.74
(b) 1 1.5 D/2LO 25 3

FIG. 8. Density of parallel lamellae confined betwd@h symmetric sur- (z-1)/D

faces; (b) antisymmetric surfaces. The symbal denotes the results be-

tween two strongly preferential surfaces;denotes the results between two FIG. 10. Density profile of parallel lamellae with=2 between symmetric
weakly preferential surfaces. The dashed line represents the bulk densignd strongly preferential surfaces. The dimensionless variabtd Y/D is
0.8036. used to rescale the profil®/L, in each case is given in the legend.
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FIG. 11. Energy of parallel lamellae confined between symmetric andeig, 13, Mean square end-to-end distance of blocks in parallel lamellae
strongly preferential surfaces. confined between symmetric and strongly preferential surfaces.

effects on the amplitude of density fluctuations within the
film: the larger thef (not |f|), the smaller the amplitude.
From Fig. 10, we can also see that the amplitude near thBressed to being stretched & increases. Thugdz),
surfaces is larger than that in the interior of the film. (dZe)a, and(dio)g increase. This is shown in Fig. 13 for the
Figure 8a) and &b) also show that the density changes case of symmetric surfaces.
discontinuously when the number of bilayers in parallel  Inthe case of symmetric surfaces, whérandB blocks
lamellaen changes. Therefore, a first-order phase transitior@re not interchangeablén the sense that both surfaces con-
seems to occur between the stretched and compressed paist of sB sites and therefore repél segments we always
lel lamellae as the film is squeezéhdn changes We also  find that(d2),>(d2 g, i.e.,A blocks are stretched relative
detected a discontinuity in the energy per unit volume;to B blocks. This is shown in Fig. 13 for the strongly pref-
(E)/(LyL,L,), whenn changes. This is shown in Fig. 11 for erential surfaces. Furthermorédi),—(d2ogs is much
the case of symmetric and strongly preferential surfaces. larger in parallel lamellae than in perpendicular lamellae,
where it is slightly greater than zero. In addition, for given
morphology,(dZ A slightly increases whiléd2.)g slightly
decreases as surface-block repulsion increases. To help ex-
We analyze the chain conformation in the confined filmsplain these results, we calculate the thicknkég of each
by calculating the average mean square end-to-end distanbelf-layeri, numbered from Iclosest to the lower surfage
of the whole chain (d2.), the A chain (d30,), and theB  to 4n (closest to the upper surfagén parallel lamellae. The
chain (dZg)g) in our simulations. As shown in Figs. 12 and position of theA—B interfaces in the parallel lamellae is
13, these end-to-end distances increas®asicreases for determined bypa(z) — pg(2))=0, and the thickness of the
given morphology of the confined films, in close analogy totwo half-layers constituting thé\-rich or B-rich domains
the behavior of the density. For perpendicular lamellae, wgexcept those closest to the surfacese set to be equal.
can also see in Fig. 12 that, for a given surface separatiogHere we assume that the thickness/B interfaces is
the mean square end-to-end distance of the whole chain bgero) Shown in Fig. 14a) are the results for the unfrustrated
tween two(weakly) preferential surfaces is smaller than that parallel lamellagi.e., f=0) confined between two strongly
between two neutral surfaces. Itis interesting to point out thgyreferential surfaces. We can see that the thickness of the
similarity between Figs. 7 and 12. For parallel lamellae withpif_jayers within the confined parallel lamellae is different.
the same number of bilayers, chains go from being coMyhg (o half-layers closest to the surfaces are thinner than
those in the interior of the confined film. Furthermore, we
found thath(1) [and h(4n)] slightly decreases as surface-
block repulsion increases. For symmetsB—sB surfaces
the two half-layers closest to the surfaces consist mainB of
47 blocks; the behavior of the mean square end-to-end distance
of A andB blocks can now be understood, by relating these

C. Chain conformation within confined thin films

475

A
%3465 end-to-end distances to the thickness of the half-layers.
v Shown in Fig. 14b) is the thickness of the half-layers
46 -== Neutral within parallel lamellae ofn=1.5 (between antisymmetric
= f\msvgt;;‘;tric surfaces and n=2 (between symmetric surfadesonfined
455l : ‘ between two strongly preferential surfaces. We can see that
~ oA 15 D/zL 25 3 h(1) [andh(4n)] increases a$ increases, and that the half-
ayers in the interior of the confined parallel lamellae may
0 I the int f th fined llel | I
FIG. 12. Mean square end-to-end distance of chains in perpendicular Iamef’llsO have slightly different thicknesses. _We_ Obtf"“n similar
lae confined between two neutral @veakly) preferential surfaces. results for all other parallel lamellae studied in this work.
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FIG. 15. Surface-induced segregation of preferred segments in perpendicu-
1.1 n---a---é.--- ‘ lar lamellae confined between tw@eakly) preferential surfacesD=18
3 (1.5Ly) for symmetric surfaces, and=24 (2L,) for antisymmetric sur-
1.05¢ : faces.
o
§0.95, 1A 3 surface—block interactions into specific experimental sys-
g }-%\A tems introduces some degree of ambiguity. Also, our chain
0.9 158 Y length is relatively short compared to the copolymers used in
28 y the experiments.
0.85 2258 &
0 2 4 6 8 A. Parallel lamellae between two strongly preferential
(b) i (Number of half-layer) surfaces

FIG. 14. Thickness of half-layers within parallel lamellae confined between ~ We have seen in Sec. |V that in the case of symmetric

two strongly preferential surface®@) f=0; (b) n=1.5 (between antisym- and Strongly preferentia| SurfaceS, we a|WayS observed par-
metric surfacesandn=2 (between symmetric surfades is the number of

. allel lamellae with an integer number of bilayers. The period

half-layer in parallel lamellae, ordered from(dlosest to the lower surfage . .

to 4n (closest to the upper surfac®/L, in each case is given in the figure, of the confined parallel lamellde can qu'ate from the bulk

where “S’ denotes symmetric surfaces, andA" denotes antisymmetric ~ valueL to accommodate the frustration between the surface

surfaces. separatiorD andL,. The confined lamellae are compressed
and stretched in a cyclic manner as a functiorDof These

. . . are in agreement with experimental evidefce.
D. Surface-induced preferential segregation of 9 P

segments in perpendicular lamellae

_ _ B. Perpendicular lamellae between two neutral
The formation of perpendicular lamellae between twosyrfaces

(weakly) preferential surfaces is accompanied by a segrega- . . . .

tion of preferred segments near the corresponding surfaces, In their experiments, Kelloggt al. confined symmetric
Such a segregation lowers the surface—block interfacial ef—'bkmk copolymers between two hard surfaces coated by a
ergy induced by perpendicular lamellae. Shown in Fig. 152Y€r Of random copolymers to reduce the surface
are the order parameter profiles in taadirection (pa(2) preferencé. The_lr results for _the sample witb/Ly=2.52,

— ps(2))) for perpendicular lamellae between SymmetricWhere the maximum _frustratlon t_)etweéh and L, occurs,
surfaces separated /L ,= 1.5 and antisymmetric surfaces suggested a perpendicular ordering of lamellae near at_Ieast
separated byp/L,=2. From Fig. 15 we can see the segre-one surfacé. However, t_he results for_ the sample with
gation clearly. We observe similar results for all other caseP,/LOZZ'SQ showed no sign of perpendmular lameflaes
studied here. This surface-induced preferential segregation scussed in Sec. IVA, perpendicular lamellae are preferred
segments in perpendicular lamellae was also observed .two neu.tral .and hard surfa_lces, regardless of sprface sepa-
Brown and Chakrabart? The peaks of(pa(2) - pe(2)) ation. _Thlsg is also predicted by self-consistent-field
shown in Fig. 15(at z=5 and 15 in the case of symmetric calculation€?® Pickett and Balazs argued 'that the surface
surfaces and at=5 and 21 in the case of antisymmetric pre_ference may nqt be completely absent in the experiment,
surfaceg indicate that such a segregation causes some osci\(_\-’hICh could explam_ the dlsc_repancy between the CaICl.JIa'
lation of theA—B interfaces in perpendicular lamellae. This tions and the expenmeﬁt_lf this was the case, the_ experl-

is consistent with self-consistent-field calculati§fshis is- mental results would be in agreement with our simulations

sue is addressed in more detail in Ref. 19. fgr symmetric and weakly preferential surfaces. Another pos-
sible reason could be that the random copolymers were not
V. COMPARISON WITH EXPERIMENTAL RESULTS grafted in the experiment, and they could diffuse into the

layer of diblock copolymers in the middle to cause unex-
Having discussed the general trends observed in oupected results.

simulations, we now proceed to qualitatively compare our  To clarify this ambiguity, Huangt al® grafted random
simulation results with those found experimentally. A copolymers PS-r-MMA) onto silicon wafers to construct
guantitative comparison is difficult because translating outower neutral surfaces. Perfluorodecanoyl moieties were
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chemically end-linked to -r-MMA) having the same com-
position as those grafted onto silicon wafers. The strong seg-
regation of the perfluorodecanoyl terminated random copoly-
mers to the polymer/air interfac&ue to the low surface
energy of fluorinated groupgroduced another neutral sur-
face on the top. Through this strategy, diblock copolymers
can be effectively trapped between two random copolymer
brushes considered to be neuftarhin films of symmetric
diblock copolymer dPS-PMMA confined between three dif-
ferent surface configurations were prepared: two neutral sur-
faces, a lower neutral surface and an upper free suttage
and a lower silicon substrate and an upper neutral surface.
The thickness of the confined diblock copolymer films was
4.7, for all these samplesPerpendicular lamellae were
found throughout the entire film in the case of two neutral
surfaces. Similar to the results in Ref. 3 and 4, the orientation
of the perpendicular lamellae was found to be short-rarfiged.
For the film between a lower neutral surface and an upper
free surface, since PS blocks are preferred by air, no perpen-
dicular lamellae were observed appreciably from the top un-
til 600 A of the film was removed L(;=360A in their
experiments® For the film between a silicon substrate and a
neutral surface on the top, parallel lamellae predominated
throughout the entire film due to the strong preference of
PMMA blocks by the silicon substrate.

Consistent with the above experimental results, we ob-
served perpendicular lamellae throughout the entire film in
our simulation for symmetric diblock copolymers confined

between two neutral surfaces separatedAt,=4.75. As —0.4} — :L°0°Ssee((zz))>|>b
we changed the lower neutral surface to a strongly preferen- f ™ . D
tial sB_surface esB_.AZZGA_B) representing the §i|icon sub- _o0gl - b
strate in the experlment, we observed some mixed morphol- 5 3h B9 48 &b
ogy of about two bilayers of parallel lamellae near g®@ () pt

surface and perpendicular lamellae near the neutral surface,

as shown in Fig. 16. Similar morphology was observed evelriG. 16. Mixed morphology betweesB-neutral surfaces ab/L,=4.75.

as we increased the preference of B surface to be Abouttwo bilayers of parallel lamellae form near the lower strongly pref-
_ . . .. _ erentialsB surface, and perpendicular lamellae form near the upper neutral

€s-a=9€a_g. This morphology is more Sl_m_"ar to that o_b surface.(a) Snapshot of the system configuration. Light regions represent

served between the neUtraJ surface and air in the eXper'meBBcks and dark regions repres@blocks.(b) Order parameter profiletc)

(except that the preferential surface was a free surface in thahain orientation and center-of-mass distribution profiles. The dotted line

casg. As we pointed out before, the formation of perpen-represents the criterion between the perpendicular and parallel orientations

dicular lamellae near neutral surfaces is induced by the hard chains(|cosé(z)y,=(1/m) [5|coséld6= 2/m.

surface effect; the upper neutral surface produced in the ex-
periment may not be providing a geometrical confinementzo_98w1'25_4 The authors argued that the difference be-

such as that of a_hard surface. It was therefore unable tRNeen the dPS/P2MVCH and PVP/P2MVCH interfacial ten-
F?re".e”‘ the formation of parallel lamellae throughout the ®MSions is smaller than that between the dPS/Si and PVP/Si
tire film. interfacial tensions, and this leads to the mixed morphology
in the case of strong frustration betweBnandL,. For the
samples ofD/Ly=1.31~1.47, only parallel lamellae were
observed.

A mixed morphology was also found in the experiments  The experiments of Koneripalkt al. suggest that such
of Koneripalliet al,, where symmetric diblock copolymers of mixed morphology is a result of asymmetiigot antisym-
poly(styrene-g)-poly(2-vinylpyridine) (dPS-PVP were con-  metric) surface—block interactiorfswe therefore performed
fined between two dissimilar surfaces: an oxide-stripped siliMonte Carlo simulations of symmetric diblock copolymers
con wafer (Si) and a glassy polymer pdf®  confined between two dissimilar hard surfaces: a los@r
methylvinylcyclohexane (P2MVCH).* PS blocks are surface and an uppesA surface. We set the asymmetric
preferred by Si, while PVP blocks are preferred bysurface—block interactions to bga_g=0.4ep_g and egg_p
P2MVCH. The mixed morphology of basically perpendicu- = e,_g. If we represent the PS blocks As the PVP blocks
lar lamellae near the P2MVCH surface and parallel lamella@sB, the P2MVCH surface asA, and the Si surface a8,
near the Si surface was reported for the sample® 4f, we can see that our parameters qualitatively correspond to

C. Mixed morphology between strongly asymmetric
surfaces
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FIG. 17. Mixed morphology between asymmetric surfaceD#t,=1. FIG. 18. Parallel lamellae witm=1.5 between asymmetric surfaces at

About one layer of parallel lamellae form near the loved surface, and  D/L,=1.5. Refer to Fig. 16 for more explanations. The legenttjris the
both A andB segments in nearly the same amount exist near the gfer same as in Fig. 1.
surface. Chains tend to orient parallel to the surfaces in the upper part of the

film. Refer to Fig. 16 for more explanations. . . .
Matsen predicted that a mixed morphology is not the

most thermodynamically stable state for symmetric diblock

the system studied in Ref. 4, ie.|egpspomvcy COPOlymMers confined between two hard and homogeneous
— epyp-pamver] < | €dps.si €pvp-s|- surfaces, regardless of the surface-block interacflonge

The resulting structures fdd/L,=1 and 1.5 are shown agree with this in the case of symmetric and antisymmetric
in Figs. 17 and 18, respectively. From Fig. 17 we can seéurfaces, where the strength of the surface preference is iden-
that parallel lamella¢about one layer of chains perpendicu- tical for the two surfaces. As can be seen in Sec. IV, mixed
lar to the surfacesform near the lowesB surface, and that morphology was not observed as a stable state in such simu-
both A andB segments in nearly the same amount exist neat@tions. We also pointed out in Sec. Ill that the mixed mor-
the uppersA surface, as indicated by the order parametephomgy observed by Kikuchi and Binder in their simulations
profile along thez direction. Although the chains tend to Of two identical (symmetri¢ surface$ might be a result of
orient parallel to the surfaces in the upper part of the film, aghe mismatch between the bulk lamellar period and the simu-
indicated by(|cosé(2)|),, the morphology in that region does lation box size employed in their work. However, when the
not correspond to well-developed perpendicular lamellaetwo surfaces are strongly asymmettiuch as the case of
This may be caused by the complex morphology at thesB-neutral surfaces simulated aboyve mixed morphology
“combined” region in the middle of the film, as well as the could be thermodynamically stable. Unfortunately, in the
relatively small film thicknes(Our simulations indicate that case of symmetric diblock copolymers confined between
it is difficult to simulate confined films of thickness smaller asymmetric(not antisymmetrig surfaces, the mixed mor-
than Ly.) However, as shown in Fig. 16, we did observephology was not examinedumerically by Matsen in his
some mixed morphology between two strongly asymmetrid?aper’ Such a calculation would be very helpful.
(sB-neutra) hard surfaces separated@fL,=4.75. On the
other hand, foD/L,=1.5, we observed 1.5 bilayers of par- V1. SUMMARY
allel lamellae throughout the entire film. This is consistent ~ Thin films of symmetric diblock copolymers confined
with the experimental results. between two hard, homogeneous and parallel surfaces were
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investigated with Monte Carlo simulations on a simple cubicsurfaces, which reduces the block—block and surface—block
lattice. For simulations of lamellar structures using periodicinterfacial energy of the system, respectively. This accumu-
boundary conditions, the match between bulk lamellar periodation gives rise to density fluctuations along theirection
Lo and the simulation box size is crucial to obtain meaning-within the parallel lamellae. The frustratiafstretching or
ful results. The simulations were performed in an expandedompressing of the confined parallel lamellae has obvious
grand-canonical ensemble, where the chemical potential areffects on the amplitude of such fluctuations: the largerfthe
the temperature of the confined films are specified and théot|f|), the smaller the amplitude. We also found that the
density is allowed to fluctuate. The morphology, density, ancamplitude near the surfaces is larger than that in the interior
chain conformations within the films were studied systemati-of the film. From the discontinuity of the density and the
cally as a function of the film thickness and the strength ofenergy per unit volume of the system, it could be argued that
surface preference. a first-order phase transition occurs between stretched and

The observed morphology is the result of a delicate balcompressed parallel lamellae with differemt
ance among block—block interfacial energy, surface—block The mean square end-to-end distanéies the whole
interfacial energy, and elastic energgonformational en- chain, theA chain, and thé chain increase a® increases
tropy) of the system. The equilibrium morphology of the for given morphology of the confined films, in close analogy
diblock copolymers is a strong function of the interfacial to the behavior of the density. For a given film thickness and
properties and the separation distarizeof the confining perpendicular lamellae, we also found that the mean square
surfaces. Near homogeneous surfaces with strong preferenegd-to-end distance between twweakly) preferential sur-
to one of the two blocks, lamellae tend to orient parallel tofaces is smaller than that between two neutral surfaces. For
the surfaces to reduce the surface—block interfacial energyparallel lamellae, we found that the two half-layers closest to
Near neutral surfaces, which have no preference to either orfBe surfaces are 1015 % thinner than those in the interior
of the two Components, the confinement of hard Surface@f the confined film. The thickness of these two haIf—Iayers
induces the formation of perpendicular lamellae of the bulkincreases as increases.
period. Therefore, parallel and perpendicular lamellag, de- The formation of perpendicular lamellae between two
pending on the strength of surface preference and the frusweakly preferential surfaces was accompanied by a segre-
tration betweerD andL,, were observed between the sym- gation of preferred segments near the corresponding sur-
metric (tWO identical surfaces repe”ing one of the two faces. Such a Segl’egation lowers the surface—block interfa-
blocks and the antisymmetrittwo surfaces repelling differ- ~Cial energy induced by perpendicular lamellae, and causes
ent blocks with the same strength of surface-block interacSome oscillation of thé\—B interfaces in the perpendicular
tions homogeneous surfaces, as summarized in Fig. 6. Th@mellae.
number of bilayers of parallel lamellaeis always an integer Note added in proofAfter submission of this paper, a
(parallel symmetric lamellaen the case of symmetric sur- Monte Carlo study of confined copolymers between neutral
faces or half an odd integéparallel antisymmetric lamellae  Surfaces was reported by Somne¢ral.[J. U. Sommeet al,
in the case of antisymmetric surfaces. In parallel lamellagd- Chem. Phys111, 3728 (1999]. Their simulations were
any frustration betwee® andL, is accommodated by de- performed in a canonical ensemble in the framework of 'Fhe
viations of L from L,. The elastic energyconformational bond fluctuation model. For t_hose cases where a comparison
entropy cost for such deviations is minimized by choosing could beé made between their work and ours, these authors
an appropriate value of. However, there exists a maximum "€Ported findings that are consistent with ours.
extent to which the lamellae can be compressed or stretched
by the surfaces. Over this limit, the diblock copolymers
change their orientation to form perpendicular lamellae 0fACKNOWLEDGMENTS
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