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Copolymer-assisted generation of three-dimensional patterns
by replicating two-dimensional substrate motifs
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We use a three-dimensional self-consistent field model to study copolymer adsorption from polymer melts
onto chemically heterogeneous substrates. We show that in situations where the copolymer sequence distribu-
tion is commensurate with the spatial distribution of the substrate chemical impurities, the two-dimensional
substrate pattern gets transcribed into three dimensions and propagates into the polymer mixture. This trans-
ference scheme can assist in designing nanostructures that find use in various areas of science and technology.
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Adsorption of polymers at interfaces between the polym
solution ~or melt! and a solid nonpolymeric substrate h
been a subject of long-standing theoretical and experime
interest@1#. Numerous studies have shed light on the ba
physics governing polymer adsorption on chemically hom
geneous substrates. However, in most ‘‘real world’’ situ
tions the substrates are not perfectly chemica
homogeneous—they may be composed of more than
chemical species or can contain impurities, which will
turn influence the polymer partition on such substrates.

Being motivated mostly by recent experiments on ord
ing of copolymer melts on chemically heterogeneous s
strates@1–4#, several theoretical models and computer sim
lations have recently addressed the adsorption of polym
on chemically heterogeneous substrates@5–12#. While pro-
viding a first glimpse at the heterogeneous adsorption p
nomena, these studies were limited to just a few spec
systems involving homopolymers@5,6#, random copolymers
@7#, and block copolymers@8–12#. The techniques used t
study the adsorption on heterogeneous substrates were b
primarily on the density-functional theory@5,7,11,12#, Monte
Carlo simulations @6,8,9#, and two-dimensional self
consistent field~SCF! @10# approaches. In this report, a thre
dimensional~3D! SCF lattice model is applied to evalua
the density distribution of copolymers of arbitrary monom
sequence distributions adsorbing on substrates with an
trary in-plane organization of chemical heterogeneities.
note that this 3D SCF model has several distinct advanta
that cannot be achieved simultaneously with any other c
rent 3D computational methods. For example, in 3D S
one can work with a fully occupied lattice space with only
few limitations on the polymer concentration gradients,
information about chain conformation is available direc
from the distribution functions, the calculation does not s
fer from ‘‘frozen’’ configurations as in the Monte Carlo tech
niques, etc.

There are several reports in the literature describing
behavior of copolymers using a multidimensional SC
theory. In particular, Matsen and Schick@13# and Drolet and
Fredrickson@14# used multidimensional SCF to explore va
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ous bulk mesophases in multiblock copolymers. Petera
Muthukumar, and Zhulina and co-workers applied multid
mensional SCF to explore the density profile of diblock c
polymers near patterned substrates consisting of par
chemically heterogeneous stripes@10#. In our system, the co-
polymer bulk concentration is homogeneous; it deviates fr
its bulk composition only near the substrate/mixture int
face. This is in contrast to previous studies@8–12#, in which
the copolymer melts were ordered also in the bulk~usually
lamellae!. We show that copolymers whose sequence dis
bution @15,16# is commensurate with the substrate chemi
pattern are capable of recognizing the substrate pattern
can be used to transfer the two-dimensional substrate m
into three dimensions. We claim that this simple assemb
methodology based on the recognition of heterogeneous
strates by copolymers and their segment connectivity m
assist in the design of a variety of applications includi
molecular level substrate patterning~or masking! of materi-
als, fabrication of specialty miniature devices, preparation
molecular reaction sites for controlled chemical reactio
etc.

Our model is derived from the one-dimensional version
the SCF scheme introduced by Scheutjens and Fleer~SF
SCF! @1#. Unlike the original SF SCF approach, the polym
segment density in our system is not only a function ofz, the
coordinate perpendicular to the mixture/substrate interfa
but also ofx andy, the coordinates parallel with the substra
plane. In contrast to 1D and 2D SCF approaches that c
sider plane and line averages, respectively, we apply a m
field approximation only at a~x,y,z! site. Specifically, the
segment density at a site~x,y,z! is derived from the weighted
contributions of the site’s nearest neighbors. The compu
tional details of the model have been presented elsew
@17#. Here we restrict ourselves to just a brief description
the current system.

We consider a mixture of a homopolymerA ~number of
segmentsNhA) and a copolymerA-B ~number of segments
Nc) with NhA5200, Nc540 ~20 segments ofA and 20 seg-
ments ofB!, and theA-B volume fraction in the mixture,
0.01. The strength of the immiscibility betweenA and B
segments is characterized by the Flory-Huggins interac
parameterxAB50.25. The calculations have been carried o
on a lattice composed of 24324324 sites with periodic
©2001 The American Physical Society01-1
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boundary conditions applied in each~x,y! plane; the mixture/
substrate interface is located atz51 and is parallel to the
~x,y! lattice plane. The substrate is composed of two kinds
sites~C! and~D! that experience different chemical affinitie
towardsA and B. The interaction between a polymer se
mentk and a substrate sitem is characterized by the interac
tion energykBTxkm

s . We consider the substrate/polymer i
teractions to be of short-range order; thus only the polym
segments directly adjacent to the substrate are under th
fluence of the external field. By assigning theA/C, B/C, and
A/D interactions to be athermal (xAC

s 5xBC
s 5xAD

s 50), and
those betweenD andB to be attractive (xDB

s 520.25), theB
segments of theA-B copolymer are expected to adsorb pre
erentially on theD regions of the substrate while there is n
preference for eitherA or B to occupy theC substrate sites
We keep the number of theC andD substrate sites constan
~50% each! and vary their spatial distribution on the su
strate. Specifically, chemical patterns consisting of orde
arrays ofC/D checkerboards of@636#, @131#, and @ran-
dom# periodicities are simulated. The interplay between
spatial distribution of the substrate chemical heterogen
and the chain sequence distribution is examined forA-B co-
polymers with diblock (A20-b-B20) and alternating
(A20-alt-B20) architectures. As demonstrated later, depe
ing on the spatial distribution of the substrate ‘‘impurities
and the sequence distribution of theA-B copolymer, the sub-
strate motif will be recognized by the copolymer and eve
tually transcribed into the mixture. The volume fractions
the k segment,fk(x,y,z), are evaluated at each lattice sit
We note that the total volume fraction profiles ofA and B
segments at the mixture/substrate interface are compose
adsorbed segments,fk

a(x,y,z) ~i.e., at least one polymer seg
ment is adsorbed at the interface! and nonadsorbed segmen
fk

n(x,y,z). However, in the discussion that follows we on
considerfk

a(x,y,z).
To quantify the fidelity of the substrate-chemical-patte

transfer, we define the so-called pattern-transfer param
~PTP! for segmentk, Pk as

Pk~z!5

(
~xD ,yD!

fk
a~x,y,z!

AD
2

(
~xC ,yC!

fk
a~x,y,z!

AC

(
~x,y!

fk
a~x,y,z!

AC1AD

. ~1!

In Eq. ~1! the first and second sums in the numerator
carried out over the~x,y! sites above theD andC sites of the
substrate, respectively, andAD and AC denote the substrat
areas occupied by theD and C substrate sites, respective
~because the numbers of theC andD substrate sites are equ
in our calculations,AC5AD). Dividing the numerator by the
total polymer volume fraction in layerz removes the effec
of the decreasing concentration of the adsorbed chains
increasingz. From Eq. ~1!, the PTP ranges from21 or
2100% ~perfect negative substrate motif transfer! to 11 or
1100% ~perfect positive substrate motif transfer!.
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Figure 1 shows the volume fraction profile maps ofB and
A segments ofA20-b-B20 ~left panel! andA20-alt-B20 ~right
panel! copolymers adsorbed at planar substrates compose
C/D checkerboards with~from top to bottom! @636#, @1
31#, and @random# patterns at various distances from th
substrate/mixture interface. In Fig. 1, the white and bla
regions on the substrate denote theC andD substrate sites
respectively. The copolymer segment volume fractions ra
from 0 ~white! to 1 ~black!. A quick visual inspection of Fig.
1 reveals that the sequence of the distribution ofA and B
segments along the copolymer chain determines stron
both the partition of the copolymer at the mixture/substr
interface and the distance through which the substrate pa
is transferred. As already mentioned, the fidelity of the p
tern transfer will be evaluated using the pattern transfer
rameter defined by Eq.~1!.

Figure 1 shows that the spatial distribution ofB in the
layer directly adjacent to the@636# C/D checkerboard~C,
white; D, black! mimics ideally the substrate motif due to th
trains of the adsorbing block. As indicated in Fig. 2, the P
of theB block of A20-b-B20 is '180%. As one moves away
from the substrate, the spatial distribution ofB still follows
the motif predefined by the substrate~three lattice sites away
from the substrate,PB is still '120%! but the total amount
of B decreases and eventually dies out at a distance of'5
layers from the substrate. The concentration ofA in ~x,y!
planes follows a different pathway, however. While in t
first layer the spatial distribution ofA is a mirror image of
the substrate pattern (PA'228%), forz.2 there is an im-
age inversion of the~x,y! concentration ofA. This behavior is
associated with the formation of anA20-b-B20 copolymer
brush, withA being the nonadsorbing part of the brush th

FIG. 1. Volume fraction profile maps ofB segments andA seg-
ments ofA20-b-B20 ~left panel! and A20-alt-B20 ~right panel! co-
polymers adsorbed at planar substrates composed ofC/D checker-
boards with~from top to bottom! @636#, @131#, and @random#
patterns at various distances from the substrate/mixture interf
The white and black regions on the substrate denote theC and D
substrate sites, respectively. The copolymer segment volume
tions range from 0~white! to 1 ~black!.
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BRIEF REPORTS PHYSICAL REVIEW E 63 022601
dangles away from the substrate deep into the mixturePA
'118% even at a distance of 12 layers!. Similar behavior
observed for the@636# patterns is seen also for the@3
33# substrate@17#, but the effects are weaker because
amount of the A20-b-B20 copolymer adsorbing at th
substrate/mixture interface decreases as a result of the
favorable spatial distribution of theD substrate sites. Finally
the substrate pattern information is nearly lost wh
A20-b-B20 copolymers are adsorbing onto the@131# sub-
strate. Because of the strong incommensurability betw
the substrate chemical pattern and the copolymer sequ
distribution, the A20-b-B20 copolymer adsorbs at the@1
31# substrate in the same manner it would do on a che
cally homogeneous substrate with an effective interac
xDB

s '20.125 @17#. Interesting behavior is detected on th
substrate with random distribution of theC andD sites@ran-
dom#. Figure 1 indicates thatA20-b-B20 detects areas with a
small patchiness in the distribution of theC andD substrate
sites. This in turn gives rise to local nonuniformities in t
planar concentration ofB in the close vicinity of the
substrate/mixture interface, which decays as one moves a
from the substrate. TheA segments directly adjacent to th
substrate mirror the distribution ofB. However, atz.1 theA
block dangles into the mixture forming a polymer brush
observed for the other substrate patterns.

The behavior ofA20-alt-B20 is different from that of
A20-b-B20. We start our discussion with the adsorption
A20-alt-B20 on @131# substrates. The middle part of th
right panel of Fig. 1 shows that forz51, theB pattern ex-
actly matches the motif on the substrate while theA pattern
in plane structure is a negative image of the substrate pat
By moving toz52, the situation changes in that theB andA
~x,y! profiles carry the negative and positive imprint, resp

FIG. 2. Pattern transfer parameter forB segments~closed sym-
bols! and A segments~open symbols! of A20-b-B20 @~a! and ~c!,
respectively# andA20-alt-B20 copolymers@~b! and~d!, respectively#
and as a function of the distance from the substrate/mixture in
face. The substrate pattern consists of checkerboards bearin@6
36# ~circles!, @131# ~squares!, and@random# ~triangles! periodici-
ties.
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tively, of the substrate motif. A close inspection of the~x,y!
profiles in Figs. 2~b! and 2~d! reveals that forz51,3, . . . ,
theA andB ~x,y! profiles are negative and positive images
the substrate motif, respectively, while forz52, . . . thesitu-
ation is reversed. More insight about the pattern transfer
be obtained by evaluating the PTP using Eq.~1!. The squares
in Fig. 2 show thePB ~closed! and thePA ~open!, respec-
tively, of the A20-alt-B20 copolymer on@131# substrates.
The data in Fig. 2 indicate that the@131# substrate pattern
propagates deep into the polymer mixture — even at a
tance of 12 layers away from the substrate, the subst
pattern is transferred with an efficiency of'120%. The
polymer conformations, determined from the distributi
functions, reveal that theA20-alt-B20 copolymer is ‘‘zipped’’
to the substrate forming a pancakelike structure with a tr
and tails that extend into the mixture. These tails are in f
responsible for the almost perfect epitaxial transfer of
substrate pattern away from the substrate into the poly
mixture @17#. The high efficiency of the substrate patte
transfer is a consequence of the exact match between
A20-alt-B20 sequence distribution and the substrate@131#
chemical motif. Increasing the substrate pattern causes a
match between the chain sequence distribution and the
strate pattern and as a consequence, thePA and PB decay
rather rapidly. Specifically, increase of the checkerboard p
tern size to@636# leads to a stronger adsorption of th
A20-alt-B20 copolymer at the mixture/substrate interfac
However, in this case, influence of the substrate patter
almost lost~with the exception of the first two layers close
to the substrate! and the copolymer behaves as a homopo
mer on a chemically homogeneous substrate (PA>PB). The
volume fraction profile maps ofB and A blocks of
A20-alt-B20 on the substrate with a@random# pattern are
shown in the bottom right part of Fig. 1. Unlike the dibloc
copolymers~cf. bottom left part of Fig. 1!, which preferen-
tially adsorb on the substrate regions with larger patchin
of the D sites, the random copolymer tends to concentr
outside theseD-rich substrate regions. This happens beca
the substrate chemical pattern outside these large conce
tions ofD substrate sites more closely matches the seque
distribution of theB stickers along the copolymer. Becau
the chain is ‘‘zipped’’ to the substrate, the information abo
the substrate pattern is only preserved up to'2 layers for
bothA andB segments. These concentration-damping effe
for A20-alt-B20 on the @random# substrates can be clearl
seen in the behavior of thePB and PA functions shown by
closed triangles and open triangles, respectively, in Fig
Hence, in contrast to the block copolymers that can be
plied as ‘‘amplifiers’’ of the substrate chemical patterns, c
polymers with alternating sequence distributions can be u
to ‘‘mask’’ the substrate ‘‘chemical roughness.’’

In summary, 3D SCF model was used to show that
copolymer ability to recognize chemical patterns on flat tw
dimensional substrates and transcript them with high fide
into three dimensions depends strongly on the commens
bility between the spatial distribution of the substrate ‘‘im
purities’’ and the copolymer sequence distribution. Depe
ing on the architecture of the copolymer, the chemical mo

r-
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BRIEF REPORTS PHYSICAL REVIEW E 63 022601
can be imprinted in either a positive or a negative mann
When adsorbed on substrates with a random chemical
tern, block copolymers are capable of detecting small c
ters of the substrate adsorption sites; alternating copolym
can successfully suppress the chemical pattern transfe
such random substrates. These simple recognition-asse
concepts presented here can have a great impact on th
sign of certain classes of materials and structures, man
which cannot be fabricated using any other technique.
ro
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es
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