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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 polymeous bulk mesophases in multiblock copolymers. Petera and
solution (or mel) and a solid nonpolymeric substrate hasMuthukumar, and Zhulina and co-workers applied multidi-
been a subject of long-standing theoretical and experimentahensional SCF to explore the density profile of diblock co-
interest[1]. Numerous studies have shed light on the basipolymers near patterned substrates consisting of parallel
physics governing polymer adsorption on chemically homo-chemically heterogeneous strigd®]. In our system, the co-
geneous substrates. However, in most “real world” situa-polymer bulk concentration is homogeneous; it deviates from
tions the substrates are not perfectly chemicallyits bulk composition only near the substrate/mixture inter-
homogeneous—they may be composed of more than orface. This is in contrast to previous studj8s-12], in which
chemical species or can contain impurities, which will inthe copolymer melts were ordered also in the bulkually
turn influence the polymer partition on such substrates.  lamellag. We show that copolymers whose sequence distri-

Being motivated mostly by recent experiments on orderbution[15,16 is commensurate with the substrate chemical
ing of copolymer melts on chemically heterogeneous subpattern are capable of recognizing the substrate pattern and
strated 1-4], several theoretical models and computer simu-can be used to transfer the two-dimensional substrate motif
lations have recently addressed the adsorption of polymeigto three dimensions. We claim that this simple assembling
on chemically heterogeneous substrdtes12. While pro-  methodology based on the recognition of heterogeneous sub-
viding a first glimpse at the heterogeneous adsorption phestrates by copolymers and their segment connectivity may
nomena, these studies were limited to just a few specifiassist in the design of a variety of applications including
systems involving homopolymef$,6], random copolymers molecular level substrate patternitgr masking of materi-

[7], and block copolymer$8—12]. The techniques used to als, fabrication of specialty miniature devices, preparation of
study the adsorption on heterogeneous substrates were basedlecular reaction sites for controlled chemical reactions,
primarily on the density-functional theof$,7,11,12, Monte  etc.

Carlo simulations [6,8,9, and two-dimensional self- Our model is derived from the one-dimensional version of
consistent fieldSCH [10] approaches. In this report, a three- the SCF scheme introduced by Scheutjens and RIBEr
dimensional(3D) SCF lattice model is applied to evaluate SCH [1]. Unlike the original SF SCF approach, the polymer
the density distribution of copolymers of arbitrary monomersegment density in our system is not only a functiorz,dhe
sequence distributions adsorbing on substrates with an arbgoordinate perpendicular to the mixture/substrate interface,
trary in-plane organization of chemical heterogeneities. Webut also ofx andy, the coordinates parallel with the substrate
note that this 3D SCF model has several distinct advantaggdane. In contrast to 1D and 2D SCF approaches that con-
that cannot be achieved simultaneously with any other cursider plane and line averages, respectively, we apply a mean-
rent 3D computational methods. For example, in 3D SCHield approximation only at dx.,y,2 site. Specifically, the
one can work with a fully occupied lattice space with only asegment density at a sit®,y,2 is derived from the weighted
few limitations on the polymer concentration gradients, thecontributions of the site’s nearest neighbors. The computa-
information about chain conformation is available directlytional details of the model have been presented elsewhere
from the distribution functions, the calculation does not suf-{17]. Here we restrict ourselves to just a brief description of
fer from “frozen” configurations as in the Monte Carlo tech- the current system.

niques, etc. We consider a mixture of a homopolymAr(number of

There are several reports in the literature describing theegmentN,,) and a copolymeA-B (number of segments
behavior of copolymers using a multidimensional SCFN.) with N,,=200,N.=40 (20 segments oA and 20 seg-
theory. In particular, Matsen and Schid3] and Drolet and ments of B), and theA-B volume fraction in the mixture,
Fredricksor 14] used multidimensional SCF to explore vari- 0.01. The strength of the immiscibility betwee¥ and B

segments is characterized by the Flory-Huggins interaction
parametely ,g=0.25. The calculations have been carried out
*Email address: jangenzer@ncsu.edu on a lattice composed of 2424x 24 sites with periodic
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boundary conditions applied in eathy) plane; the mixture/ Az-b-By Azp-alt-Byg
substrate interface is located z&1 and is parallel to the 2=3 2=2 _z=1 substrate 2=1__2=2 _2=3
(x,y) lattice plane. The substrate is composed of two kinds of s
sites(C) and(D) that experience different chemical affinities
towardsA and B. The interaction between a polymer seg-
mentk and a substrate sita is characterized by the interac-
tion energykgT x¢m- We consider the substrate/polymer in-
teractions to be of short-range order; thus only the polymer
segments directly adjacent to the substrate are under the ir
fluence of the external field. By assigning th&C, B/C, and
A/D interactions to be athermaj}c=xac=xap=0), and
those betwee® andB to be attractive {25 = —0.25), theB
segments of thé-B copolymer are expected to adsorb pref-
erentially on theD regions of the substrate while there is no
preference for eitheA or B to occupy theC substrate sites.
We keep the number of thé andD substrate sites constant
(50% each and vary their spatial distribution on the sub-
strate. Specifically, chemical patterns consisting of ordere

grrays of_C(/jI_D_(_:heCkerb(_)ar(?s dng ?E]’ _[1>< ]I']’ E[i)nd [ran- h FIG. 1. Volume fraction profile maps & segments ané seg-
om] periodicities are simulated. The interplay between the, . 0fAy-b-Byg (Ieft pane) and Ag-alt-B,, (right pane) co-

spatial distri_bution of the .sut_)strgte phemica}l heterogeneit%oh{mers adsorbed at planar substrates composeiDfchecker-

and the chaln_ sequence distribution is examinedAd CO-  poards with(from top to bottorn [6x 6], [1X 1], and[randoni

polymers ~ with diblock f;-b-Byg) and alternating  patterns at various distances from the substrate/mixture interface.

(Agg-alt-Byg) architectures. As demonstrated later, dependThe white and black regions on the substrate denoteCtaad D

ing on the spatial distribution of the substrate “impurities” substrate sites, respectively. The copolymer segment volume frac-

and the sequence distribution of tAeB copolymer, the sub- tions range from Gwhite) to 1 (black.

strate motif will be recognized by the copolymer and even-

tually transcribed into the mixture. The volume fractions of ~ Figure 1 shows the volume fraction profile mapsBadind

the k segmentp,(x,y,z), are evaluated at each lattice site. A segments of\,¢-b-B,, (left pane) and A,q-alt-B,g (right

We note that the total volume fraction profiles AfandB  pane) copolymers adsorbed at planar substrates composed of

segments at the mixture/substrate interface are composed 6fD checkerboards witlfrom top to bottom [6X 6], [1

adsorbed segment$g(x,y,z) (i.e., at least one polymer seg- X 1], and[randonj patterns at various distances from the

ment is adsorbed at the interfa@d nonadsorbed segments, substrate/mixture interface. In Fig. 1, the white and black

#R(x,y,z). However, in the discussion that follows we only régions on the substrate denote thendD substratg sites,

considergi(x,y,z). respectively. The copolymer segment volume fractions range
To quantify the fidelity of the substrate-chemical-patternfrom O (white) to 1 (blacki. A quick visual inspection of Fig.

transfer, we define the so-called pattern-transfer parametér Feveals that the sequence of the distributionAcand B
(PTP for segmenk, P, as segments along the copolymer chain determines strongly

both the partition of the copolymer at the mixture/substrate
interface and the distance through which the substrate pattern
2 De(X,Y,2) 2 Dr(X,Y,2) is transferred. As already mentioned, the fidelity of the pat-
(Xp .¥p) (Xc.yeo) tern transfer will be evaluated using the pattern transfer pa-
Ap Ac rameter defined by Ed1).
P(2)= Y Figure 1 shows that the spatial distribution Bfin the
> De(X,Y,2) layer directly adjacent to thgsx6] C/D checkerboardC,
xy) white; D, black mimics ideally the substrate motif due to the
ActAp trains of the adsorbing block. As indicated in Fig. 2, the PTP
of the B block of Ayg-b-Byg is ~+80%. As one moves away
In Eqg. (1) the first and second sums in the numerator ardrom the substrate, the spatial distributionBftill follows
carried out over théx,y) sites above th® andC sites of the the motif predefined by the substrdthree lattice sites away
substrate, respectively, amty and Ac denote the substrate from the substrateRg is still ~+20%) but the total amount
areas occupied by the and C substrate sites, respectively of B decreases and eventually dies out at a distanceof
(because the numbers of tieandD substrate sites are equal layers from the substrate. The concentrationAofn (x,y)
in our calculationsA-=Ap). Dividing the numerator by the planes follows a different pathway, however. While in the
total polymer volume fraction in layex removes the effect first layer the spatial distribution ok is a mirror image of
of the decreasing concentration of the adsorbed chains witthe substrate patteriP(,~ —28%), forz>2 there is an im-
increasingz. From Eq. (1), the PTP ranges from-1 or  age inversion of théx,y) concentration oA. This behavior is
—100% (perfect negative substrate motif trangfey +1 or  associated with the formation of afy,yb-B,, copolymer
+100% (perfect positive substrate motif transfer brush, withA being the nonadsorbing part of the brush that
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osle | o [6xe] tively, of the substrate motif. A close inspection of itxey)
o6} —[1x1] profiles in Figs. 2b) and 2d) reveals that forz=1,3, ...,
o - frandom] the A andB (x,y) profiles are negative and positive images of
00Laa - the substrate motif, respectively, while for 2, . . . thesitu-
5 02} ation is reversed. More insight about the pattern transfer can
% 04 be obtained by evaluating the PTP using HEqg. The squares
§ EZ a)i in Fig. 2 show thePy (closed and theP, (open, respec-
% o A,-b-B, 1 ¥ tively, of the A,g-alt-B,, copolymer on[1X 1] substrates.
£ e ] ] The data in Fig. 2 indicate that thé& X 1] substrate pattern
§ 04 ] propagates deep into the polymer mixture —even at a dis-
g ] ] tance of 12 layers away from the substrate, the substrate
ol o T pattern is transferred with an efficiency ef+20%. The
04 [6x6] / polymer conformations, determined from the distribution
06} o [1x1] o) / d), functions, reveal that th&,q-alt-B,, copolymer is “zipped”
08} - [random] I ] to the substrate forming a pancakelike structure with a train

P2ias e s 23 e 678 and tails that extend into the mixture. These tails are in fact
responsible for the almost perfect epitaxial transfer of the

FIG. 2. Pattern transfer parameter fisegmentgclosed sym-  Substrate pattern away from the substrate into the polymer
bols and A segmentsiopen symbols of A,rb-B., [(a) and (c), mixture [17]. The high efficiency of the substrate pattern
respectively andA,g-alt-B,, copolymerd (b) and(d), respectively ~ transfer is a consequence of the exact match between the
and as a function of the distance from the substrate/mixture interA,y-alt-B,g sequence distribution and the substrpte<1]
face. The substrate pattern consists of checkerboards begd&ing chemical motif. Increasing the substrate pattern causes a mis-
X 6] (circles, [1X 1] (squarep and[randon] (triangles periodici-  match between the chain sequence distribution and the sub-
ties. strate pattern and as a consequence,RReand Pg decay

rather rapidly. Specifically, increase of the checkerboard pat-
dangles away from the substrate deep into the mixt&®ge ( tern size to[6x6] leads to a stronger adsorption of the
~+18% even at a distance of 12 layerSimilar behavior A, alt-B,, copolymer at the mixture/substrate interface.
observed for thg 6X6] patterns is seen also for tH8  However, in this case, influence of the substrate pattern is
X 3] substratg17], but the effects are weaker because theamost lost(with the exception of the first two layers closest
amount of the Ayyb-By, copolymer adsorbing at the to the substrafeand the copolymer behaves as a homopoly-
substrate/mixture interface decreases as a result of the leffer on a chemically homogeneous substrétg=t Pg). The
favorable spatial distribution of thg substrate sites. Finally, volume fraction profile maps of8 and A blocks of
the substrate pattern information is nearly lost whena, alt-B,, on the substrate with frandoni pattern are
Azg-b-Byo copolymers are adsorbing onto thex1] sub-  shown in the bottom right part of Fig. 1. Unlike the diblock
strate. Because of the strong incommensurability betweegopolymers(cf. bottom left part of Fig. I, which preferen-
the substrate chemical pattern and the copolymer sequengglly adsorb on the substrate regions with larger patchiness
distribution, the Ayy-b-Byy copolymer adsorbs at thEl  of the D sites, the random copolymer tends to concentrate
X 1] substrate in the same manner it would do on a chemiputside thes®-rich substrate regions. This happens because
cally homogeneous substrate with an effective interactionhe substrate chemical pattern outside these large concentra-
xbe~ —0.125[17]. Interesting behavior is detected on the tions of D substrate sites more closely matches the sequence
substrate with random distribution of tiizandD sites[ran-  distribution of theB stickers along the copolymer. Because
doml. Figure 1 indicates thak,y-b-B,q detects areas with a the chain is “zipped” to the substrate, the information about
small patchiness in the distribution of tileandD substrate the substrate pattern is only preserved up~t® layers for
sites. This in turn gives rise to local nonuniformities in the both A andB segments. These concentration-damping effects
planar concentration oB in the close vicinity of the for A,y alt-B,g on the [randoni substrates can be clearly
substrate/mixture interface, which decays as one moves awagen in the behavior of theg and P, functions shown by
from the substrate. ThA segments directly adjacent to the closed triangles and open triangles, respectively, in Fig. 2.
substrate mirror the distribution & However, az>1 theA  Hence, in contrast to the block copolymers that can be ap-
block dangles into the mixture forming a polymer brush asplied as “amplifiers” of the substrate chemical patterns, co-
observed for the other substrate patterns. polymers with alternating sequence distributions can be used

The behavior ofA,g-alt-B,g is different from that of to “mask” the substrate “chemical roughness.”

Ayg-b-Byg. We start our discussion with the adsorption of In summary, 3D SCF model was used to show that the
A,q-alt-B,g on [1X 1] substrates. The middle part of the copolymer ability to recognize chemical patterns on flat two-
right panel of Fig. 1 shows that f@=1, theB pattern ex- dimensional substrates and transcript them with high fidelity
actly matches the motif on the substrate while ghpattern into three dimensions depends strongly on the commensura-
in plane structure is a negative image of the substrate patterbility between the spatial distribution of the substrate “im-
By moving toz=2, the situation changes in that tBandA  purities” and the copolymer sequence distribution. Depend-
(x,y) profiles carry the negative and positive imprint, respec4ng on the architecture of the copolymer, the chemical motif

Distance from substrate (lattice)
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