Macromolecule006, 39, 315-318 315

Unexpected Hexagonally Perforated Layer Morphology of
PSh-PMMA Block Copolymer in Supported Thin Film

Insun Park, Soojin Park, Hae-Woong Park, and Taihyun Chang*

Department of Chemistry and Polymer Research Institute, Pohangetsity of Science and
Technology, Pohang 790-784, Korea

Hoichang Yang and Chang Y. Ryu*
Rensselaer Nanotechnology Center, Rensselaer Polytechnic Institute, Troy, New York 12180
Receied July 21, 2005; Résed Manuscript Receéd Naember 6, 2005

ABSTRACT: Block copolymer ordering in thin films on a preferentially wetting flat substrate is studied using

a polystyrends-poly(methyl methacrylate) (PB-PMMA) diblock copolymer, which forms PMMA cylinders in

bulk. Tapping-mode AFM and cross-sectional TEM were employed to characterize the thin film ordered structure
of the PSb-PMMA on a flat silicon surface with native oxide that is preferentially wetted by PMMA blocks. The
PSb-PMMA in thin film develops hexagonally perforated layer (HPL), which is different from its cylindrical
bulk morphology. The HPL structure of RSPMMA exhibits islands and holes at the surface, which persists up

to the film thickness as high a$ § Surface-induced reorganization of the block copolymers on PMMA-preferring
flat surface may be responsible for the formation of the layerlike nonbulk structure of HPL, which has been
templated from the flat surface and propagated into a multilayered HPL films.

Introduction the extent of segregation of the two bloédRDeviations from
Thin film ordered structures of block copolymers have been TgfnebIIL:;'r(s?rrljj;ﬁgsﬁrz:sgjféeiugg Ser?:r:IgIrlati?)sI:rr\rl]sgailL ?hr:g
successfully used in the “bottom-up” nanofabrication to template films of diblock co ,ol mers. such a‘; olvStvr Y (2-vinv
their nanoscale self- and directed-assembly into nanoscaIeI[')yri dine) I(f 0p25))/19an d,pgly(ethypl)en)ép)r/odnpyl@Ieont)e/;b?)/cl)lg//

i i ; p2vp ™ U. - -
patterning on hard substrates. While the bulk phase behavior (ethylethylene) foee = 0.23)2° and triblock copolymers, such

of block copolymer has been well described in terms of two ! =
parameters, the composition and the degree of Segregationasapolystyrent}polybutad|enet+polystyrene (14K 73k=15k)

between the blocksthe thin film ordered structures and their onlr?"{ﬁ?n stut()jstravtve V\Ilg\lj ni‘itlvf Oﬁfﬁ‘ film morphol f
orientations can be complicated due to the film thickness olvs an(Sabl-J gll (me;eth Ierrs1etgh1§ late) (PS—PI\?I\/I? A)O d?g?gc?( a
constraints and interfacial interactions. There have been polysty poly y Y

extensive studies on directing the block copolymer structure in copo_lymer, Wr."Ch forms PMMA cy_hnders n bulk. We have
thin films via manipulation of substrate topograghi or applied a semi-prep HPLC separation technique to remove the

surface energy modification using random copolymer bish Egrgistoptrﬁgusrjg;:ﬁ trr‘:tri]oﬁlI(r)?Iphi[eh:)hn?origsss'izl?h?r???l?r:fa_
or cross-linked thin film layet3 and via kinetic controlling, such 9 )

. We found that the HPL morphology of HPLC fractionated PS-
5
aslihtf]iic;:l\ﬁrs]tti\f:ﬁ?er?fggglr;ﬁtiiction may influence the thin b-PMMA exhibited the layer ordering can extend ovs.&uch
, ' . ; , . a long-range ordering of the HPL structure is unexpected from
film morphology to be different from the bulk, if the interfacial g-rang g P

. L the current theoretical prediction and would be a result of the
energy between the substrate (or air) and the individual block stron f field
o ; ) g surface field.
is different. If the surface is preferentially adsorbed by one block
to minimize the interfacial energy while satisfying the com- Experimental Section
mensurablllty of the bloc!< domal_n! the allgnm_ent andthe shape 5 psy, ppvA diblock copolymer was purchased from Polymer
of the domain structure in the vicinity of theT interface may be gqrce M = 66.4 kg/mol, Wiyma = 0.311,My/M, = 1.02). The
different from the bulk. In a symmetric diblock copolymer pjock copolymer was fractionated to remove the homo-PS precursor
(similar block lengths), because of the conformational planar by normal phase liquid chromatography (NPLC) with a bare-silica
interface of lamellae to the flat surface, the preferential attraction column (Nucleosil, 100 A pore, 102 22 mm) and a mixture of
of one block to the substrate surface leads to the parallel isooctane/THF (35/65, v/v) as the mobile ph&s&he details of
orientation of lamellae without inducing a new morphology in the NPLC fractionation of the PSPMMA sample were reported
thin films® In the case of the asymmetric block copolymers Previously?*23The homo-PS which amounts to about 10 wt % of
forming cylinder or sphere domains, however, theoretical works e as-received block copolymer was removed from the sample.

: . : — The molecular weight and the composition of the purified P S-
Sugggs(;[ thatl the ?Ir(ef(ejrentlgl Wtett":g of one blogk n Ithm Illnt]f? PMMA were characterized by size exclusion chromatography (SEC)
may induce a;ge_zg; € domaun SIructures in a region close 10 the ., 1y NVR, respectively?3 The molecular weight of the PS-
planar surfacé®® It is also predicted that the extent of the  p\vA is 66.5 kg/mol /M, = 1.01), and the weight fraction of
region where this layerlike character predominates depends onppMA block is 0.345. The PMMA content is larger in the

fractionated sample than the as-received sample due to the removal

* Corresponding authors. Taihyun Chang: Fe82-54-279-2109; FAx ~ Of homo-PS precursor. o _
+82-54-279-3399; e-mail tc@postech.edu. Chang Yeol Ryu: Tel 518-276-  Silicon wafers were treated with piranha solution (con&€y/
2060; FAX 518-276-4887; e-mail ryuc@rpi.edu. 30% HO, = 3/1 (v/v)) for 1 h toform a clean silicon oxide surface

10.1021/ma0515937 CCC: $33.50 © 2006 American Chemical Society

Published on Web 12/08/2005
ublished on We CDV



316 Park et al. Macromolecules, Vol. 39, No. 1, 2006

1q

Log | (a.u.)
<.

VSq‘Mq ‘l7q
9g

T T T T T T T T T
0.102030405060708091.0

-1
q(hm)
Figure 1. SAXS profile of PSb-PMMA (Wtpyma = 0.345) in bulk
annealed at 180C for 3 days.

and then extensively rinsed with deionized water. Toluene (Duksan,
HPLC grade) solution of P6-PMMA (1—3 wt %) was spin-coated
onto the silicon wafer at various spin speeds (268000 rpm).
The polymer films were annealed in a vacuum oven at ABor
3 days.

For the characterization of bulk morphology, transmission SAXS
measurement was carried out at room temperature using thef
synchrotron SAXS facility in Pohang Light Source, Koféahe -
wavelength of the X-ray beam was 1.608 A, and the energy B8
resolution AA/A) was 1.5x 1072, The 1 mm thick P$-PMMA
sample was annealed at 18D for 3 days under vacuum and cooled
to room temperature.

The surface morphology of the thin films was observed by a Figure 2. AFM phase-images (1.5 1.5xm) of PSb-PMMA (Wteywa

tapping mode AFM (Multimode Nanoscope llla, Digital Instrument/  — 0.345) films showing the island or hole structure depending on film
Veeco) under ambient conditions. In addition, the internal structure thickness: (A) islandioLe < L < ¥,Lq: (B) flat surface,L ~ ¥slo;

of PSh-PMMA films was investigated by cross-sectional TEM. A (C) island,¥,Lo < L < Lo; (D) hole,%.Lo < L < 5L¢; (E) island,
PShb-PMMA film on silicon substrate was first coated with a thin ~ %,L, < L < /5L, (F) L ~ 6Lo. Lo (~30 nm) is the thickness of one
carbon layer and covered with an epoxy resin (Electron Microscopy repeating layer.

Sciences, cat. #1232). After curing the epoxy resin at room

temperature for 12 h, the epoxy-covered film was peeled off from Considering the weight fraction of PMMA in the sample
the silicon substrate by immersing the Sample in I|qU|d nitrogen. (WtPMMA — 0345)’ the dotted pattern can represent e”:her
A thin carbon layer was again deposited to the. silicon subs?rate perpendicularly oriented cylindrical morphology of PMMA
side of the detached film and then embedded with epoxy resin ascylinders or hexagonally perforated layer (HPL) morphology

before. Thin ¢50 nm) sections from the embedded film were .
obtained using a Reichert Ultra Microtome at room temperature with a PMMA layer sandwiched by PS layers and perforated

with a diamond knife, and the PS domains in the sectioned films PY hexagonally packed PS short struts.
were selectively stained with RUOTEM was performed on a The AFM phase images of the thin films at different thickness
Hitachi-7600 operating at 80 kV. also exhibit well-developed island and hole structures as
) ) presented in Figure 2AF. The island and hole structures result
Results and Discussion from the commensurability in a layered structure. Surface energy
The SAXS profile of the bulk phase for the BEPMMA is differences between the blocks leads to the orientation of
shown in Figure 1. The SAXS profile exhibits multiple-order lamellae or cylinders parallel to the film surfat®’ Since the
scattering maxima at the positions of/B4AT:/9... rela- polar PMMA layer wets the polar substrate surface preferentially
tive to that of the first-order peak, indicating that the BS- ~ and the PS layer tends to be exposed to the air due to its lower
PMMA forms an ordered structure of the hexagonally packed surface energ¥}?®only the films of a half-integral multiple of
cylinders in bulk. The domain spacing of the cylinder phase is the repeating layers are able to exhibit a smooth surface without
28.7 nm. islands or holes. This island and hole structure of the thin film
The surface morphologies of thin films of the BS2RMMA is a convincing piece of evidence against the perpendicularly
at different thickness were investigated and shown in Figure 2. oriented cylinder morphology since the perpendicularly oriented
The film thickness was measured by AFM after scratching the cylinder morphology is not bound to such commensurability.
film.25 In contrast to the cylinder morphology of the sample in The dotted pattern is only observed by hard tapping and
bulk, the thin film samples exhibit a different morphology of a prevails in all the film surfaces regardless of the thickness except
quite regular pattern of numerous dots. As shown in Figure 2B, for the ground area of the island structure in Figure 2A. These
Fourier transform of the dot pattern in the marked area shows observations support that the dot pattern represent the PMMA
that the dots are disposed in a nearly perfect hexagonal arraylayer perforated by small PS domains beneath the PS top I@g\r/
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Figure 3. Cross-sectional TEM images of REPMMA (Wtpmma = 0.345) film stained with Ru®
The ground area in Figure 2A is tR&L, thick film while the between PMMA chains and silicon oxide surface can be

island isLo thick. The/,L, thick film represents the PS brush  sufficiently large to induce the phase transition of the cylinder
area where the PBPMMA chains are bound to the substrate phase into the layered structure over several layers. And the
via the adsorption of PMMA blocks to the oxidized silica planar character of the boundary surfaces lead to the stabilization
surface. The dot patterns persist up to the film thickness as highof the HPL phase.
as @.o, as shown in Figure 2F. The observed surface morphol-  Such a multilayer HPL structure in block copolymer thin film
ogies at various film thicknesses unambiguously confirm that deviating from the bulk morphology has not been observed to
the morphology in thin film showing the dotted surface structure our knowledge. In the previous works, only the single brush
corresponds to the HPL phase. However, the fact that the HPL layer at the interface was found, and the structure on top of the
structure is observed at the surface does not necessarily impliesurface layer is more or less the same as the bulk strugfe?
that a HPL is also formed inside of the thin film of multiple One of the possible reasons why the RRBMMA used in this
layers. Therefore, we investigated the internal structure of the study shows the multilayer HPL phase would be the high volume
film by using cross-sectional TEM. fraction of the minor component of this block copolymiga
Figure 3 shows the cross-sectional TEM images of the PS- = 0.335) relative to the polymers used in the other studies found
b-PMMA film, which exhibits the hexagonally arrayed PS dots  in the literature fninor < 0.30)°2034It remains to be confirmed
on the surface. The darker part of the image corresponds to thewhether the higher volume fraction of the minor component in
PS blocks selectively stained with Ry@nd the brighter part  the block copolymer used in this study indeed allows the
represents the PMMA domain. The TEM image clearly shows enhanced stability of the multilayer HPL structure.
that the PMMA layers are perforated by PS domains, which  In summary, we obtained a pure BSMMA diblock
unequivocally confirms that the RSPMMA thin film has HPL copolymer by HPLC fractionation method. While hexagonally
structure inside of the thin film, not just the surface layer. packed cylindrical structure is favored in bulk, the BFEMMA
Noncylindrical phases like HPL or lamellar in thin film have ~in thin film exhibits HPL structure over multiple layers. The
been found from the block copolymers showing cylinder bulk Morphology change from cylinder to HPL in this system cannot
phase?®-3! The phase transitions could be explained by the be expla|_ned by_ the depley_on of tr_le PMMA block_s due to the
depletion of themajor block due to the preferential affinity of preferential wetting of the silicon oxide surface but likely reflects
the major block to the interfadg33The depletion of the major the strong surface effect on the block copolymer morphology
block enriches the content of the minor block in the middle in thin film. The change in the phase diagram and the stability
layer and leads to a more symmetric morphology relative to Of the HPL phase in thin film would be interesting subjects to
the cylinder such as the lamellar or the perforated layers. In b€ investigated further.
this system, however, the phase change is not due to the ) )
depletion of the major block since the PMMA block (showing ~ Acknowledgment. This study was supported in part by
the high affinity to the substrate surface) is the minor block. KOSEF (R02-2004-000-10115-0 and Center for Integrated
The preferential wetting of the PMMA block onto the substrate Molecular Systems), the BK21 program, NSF NSEC (DMR-
must have reduced the content of the minor block (PMMA) in 0117792) outreach program, and the NSF CAREER (DMR-

the middle layer, which would have led to a more asymmetric 0449736) award. The support of the Ministry of Science &
morphology. This is opposite to the current observation. Technology and the POSCO for the synchrotron SAXS mea-

Furthermore, the thin film systems showing the phase changeSurements Is also acknowledged.

due to the depletion effect in the previous reports was thinner
than 2.,,.2°731 In this study, the HPL structure is maintained
over multiple layers ¥ 6Lg), indicating the long-range effect of (1) Park, M.; Harrison, C.; Chaikin, P. M.; Register, R. A.; Adamson, D.
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