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T
he self-assembly of diblock copoly-
mers into periodic nanoscale do-
mains has attracted a great deal of

interest because the resulting patterns may
be used as nanolithographic templates.1�8

This method offers the ability to pattern
large area substrates with structures of con-
trolled morphology and a periodicity of
�20�100 nm. Thin films of diblock copoly-
mers have been used to pattern nanodot
and nanowire arrays of semiconductors, ox-
ides, and metals,1�5 and devices such as ca-
pacitors, patterned magnetic storage me-
dia, and transistors.6�8

One of the main challenges in block co-
polymer lithography is to create a set of es-
sential pattern geometries from which com-
plex devices may be formed, such as sets
of parallel lines, lines with angles (L-shapes),
junctions (T-shapes), and square arrays of
dots. Diblock copolymers (dBCPs), which
microphase separate into spheres, cylin-
ders, gyroids, or lamellae in the bulk, have
been used to form well-ordered arrays of
nanoscaled lines and dots,9�11 single rows
of ellipses,12 or crossed lines13,14 by self-
assembly on substrates with chemical or to-
pographical templates created using elec-
tron beam lithography. In addition to dot
and line structures, a number of devices
make use of ring-shaped features, for ex-
ample, memories,15,16 sensors,17 transistors
and quantum devices,18,19 and structures
for persistent current phenomena.20 It is
therefore of interest to create ring-shaped
patterns by self-assembly of a block copoly-
mer, as well as the lines and dots already
achieved. Although ring structures do not
occur in a bulk untemplated dBCP, concen-
tric cylinders formed by lamellar dBCPs21,22

and helical structures formed by cylindrical
dBCPs23,24 have been demonstrated by self-
assembly of dBCPs within 3D templates

such as narrow pores. However, pattern
transfer from these 3D structures may be
difficult. Ring and rod morphologies have
been demonstrated in polystyrene-b-
poly(4-vinyl pyridine) (PS-b-P4VP) in a mix-
ture of water and toluene, but the rings are
randomly distributed and mixed with
rods.25 Rings have also been made by self-
assembly of a cylindrical dBCP in circular
pits,26 and a wide range of patterns has
been fabricated using directed assembly of
a blended dBCP on chemically patterned
substrates,27,28 but these methods require
fabrication of appropriate templates.

In contrast, ring structures may be
formed without templating by the self-
assembly of more complex block copoly-
mers such as the linear ABC triblock terpoly-
mers. In such materials, a diversity of new
structures can be obtained by designing the
combination of block sequence, the interac-
tion parameter between the adjacent
blocks, and the volume fraction and molec-
ular weights of the three blocks.29,30 The ex-
perimental and theoretical work on ABC tri-
block terpolymers deals mainly with the
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ABSTRACT Although there has been extensive work on the use of self-assembled diblock copolymers for

nanolithography, there are few reports of the use of multiblock copolymers, which can form a more diverse range

of nanoscale pattern geometries. Pattern transfer from a self-assembled poly(butadiene-b-styrene-b-methyl

methacrylate) (PB-b-PS-b-PMMA) triblock terpolymer thin film has been investigated. Polymers of different total

molecular weight were synthesized with a predicted morphology consisting of PMMA-core/PS-shell cylinders in a

PB matrix. By adjusting the solvent-annealing conditions and the film thickness, thin films with vertically oriented

cylinders were formed. The PMMA cylinder cores and the PB matrix were then removed using selective etching

to leave an array of PS rings, and the ring pattern was transferred into a silica film by reactive ion etching to form

19 nm high silica rings. This result illustrates the design and use of triblock terpolymers for self-assembled

lithography.

KEYWORDS: triblock polymers · lithography · self-assembly · thin films · nanoscale
rings
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bulk morphology,31�39 but there has been some study

of the complex structures generated by microphase

separation of triblock terpolymer thin films.40�50 For ex-

ample, highly ordered perforated lamellae were formed

in films of poly(styrene-b-2-vinyl pyridine-b-tert-butyl

methacrylate) (PS-b-P2VP-b-PtBMA),40,41 and well-

ordered nanoporous thin films were made from poly-

(ethylene oxide-b-methyl methacrylate-b-styrene) (PEO-

b-PMMA-b-PS).46 Moreover, nanopores with controlled

pore wall functionality were fabricated by removing the

core domains in core�shell structured triblock terpoly-

mers,47 while structures containing highly ordered per-

pendicular lamellae were made by application of an

electric field to a triblock terpolymer with a short middle

block.49 Finally, a ring array in a poly(isoprene-b-

styrene-b-lactide) (PI-b-PS-b-PLA) thin film has been

demonstrated, where the PI and PLA were removed to

leave PS rings.50

Despite this progress in understanding triblock thin

film morphologies, there has been relatively little work

on the use of triblock terpolymers as lithographic tem-

plates for pattern transfer. Here we show that an array

of rings can be formed in poly(butadiene-b-styrene-b-

methyl methacrylate) (PB-b-PS-b-PMMA) thin films. The

terpolymer was synthesized by sequential anionic po-

lymerization and spin-coated to form the geometry

shown in Figure 1. The PMMA and PB blocks were then

removed to leave the ring-shaped PS domains, and

this pattern was transferred into a silica film. Silica rings

may then serve as a mask for further pattern transfer

into a functional material.

The polymers used here were designed using two

criteria. First, the interaction parameters and volume

fractions of the blocks were chosen to generate a bulk

morphology expected to consist of an array of

core�shell cylinders. Core�shell cylinders will occur in

an ABC triblock terpolymer if C is the major block, which

forms the matrix surrounding the cylinders, and if

�(A�C) � �(B�C) � �(A�B),51 where � is the

segment�segment chemical interaction

(Flory�Huggins) parameter, which is proportional to

the difference between the solubility parameters of

the components (blocks).52 In the PB-b-PS-b-PMMA sys-

tem, the solubility parameters of PS, PB, and PMMA

are 18.5, 17, and 19 (MPa)1/2, respectively.53 Since PB-

PMMA has the largest positive interaction parameter

(the least favorable),42 this polymer is expected to or-

der into periodic core�shell cylinders if PB is the ma-

jor block. The core�shell structures would consist of a

PMMA core and a PS shell in a PB matrix. The second cri-

terion is that the blocks should be removable with

high selectivity, so that one or more blocks can be re-

moved without degrading the morphology. In this

work, we use a high percentage of 1,4 addition PB

which can be etched using ozone to react with the

double bond in the polymer backbone. These design

considerations may be extendable to the formation of

other triblock terpolymer thin film morphologies for

lithographic applications.

RESULTS AND DISCUSSION
PB1,4-b-PS-b-PMMA Triblock Terpolymer Characteristics. For

these experiments, three different PB1,4-b-PS-b-PMMA

triblock terpolymers were synthesized with molecular

weights 141, 179, and 185 kg/mol (Table 1), labeled

BSM141, BSM179, and BSM185. This is the first report of

the synthesis of this triblock terpolymer. Although the

synthesis of PB1,4 -b-PS-b-PMMA is much more difficult

than that of PB1,2-b-PS-b-PMMA, it was necessary for

lithographic processing because PB1,4 can be removed

more easily with ozonolysis compared to PB1,2. Figure

2a shows a representative example (BSM141) of size-

exclusion chromatography (SEC) monitoring during

the synthesis of the BSM triblock terpolymers. The poly-

dispersity index (Mw/Mn) of the intermediate and final

products is extremely low (PDI � 1.05), and no extra

peaks, indicating deactivation of living chains, are ap-

parent. The molecular weights of the intermediate and

final products were determined by low-angle light scat-

tering and are listed in Table 1. A representative 1H

NMR spectrum for BSM141 is shown in Figure 2b. The

PS aromatic protons appear between 6.3 and 7.5 ppm,

the methyl protons of PMMA are displayed at 3.6 ppm,

whereas the characteristic PB protons resonate at 5

ppm (2 protons for PB1,2) and 5.4 ppm (2 protons for

PB1,4 and 1 proton for PB1,2).

Thin Film Orientation and Morphology. From the volume

fractions and � parameters of the blocks, the bulk mor-

Figure 1. Concentric cylinder morphology triblock terpoly-
mer PB-b-PS-b-PMMA.

TABLE 1. Volume Percentages (v/v %), Polydispersity (PDI), and Weight Percentages (w/w %) of the Three Triblock
Terpolymersa

sample �PB % v/v �PS % v/v �PMMA % v/v PDI PB1,2 % w/w PB1,4 % w/w PS % w/w PMMA %w/w

B85S40M16
141 62.7 27.4 9.9 1.05 14.7 45.7 28.0 11.6

B111S36M32
179 64.7 19.6 15.7 1.04 7.9 54.3 20.3 17.5

B101S55M29
185 57.1 29.0 13.8 1.05 6.2 48.4 29.7 15.7

aBased on densities of PB: 0.9 g/cm3, PS: 1.07 g/cm3, and PMMA: 1.19 g/cm3. In BxSyMz
w, x, y, and z denote the blocks’ molecular weights and w denotes the total molecu-

lar weight.
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phology of the terpolymers is expected to consist of

PMMA cylinders with a PS shell in a PB matrix. Although

the bulk morphology was not analyzed directly, im-

ages of the thin films, described below, show that this

morphology was formed under the processing condi-

tions used in this work. In order to use these terpoly-

mers as lithography masks for making ring arrays, the

cylinders must be oriented perpendicular to the film

plane. This orientation can be accomplished by a com-

bination of film thickness control and solvent annealing

of the film after spin-casting.50 During solvent anneal-

ing, the polymer film absorbs the solvent and swells.

Upon removal from the solvent atmosphere, the con-

centration of the solvent in the film next to the free sur-

face decreases, creating a concentration gradient nor-

mal to the surface, and this becomes the ordering front

as the solvent evaporates from the film.54 Further-

more, the process can be controlled by choice of sol-

vent. For example, the vapor pressure for acetone at

room temperature (181 Torr) is much higher than that

of toluene (22 Torr), and as a result, the degree of swell-

ing is higher for acetone than that for toluene55 and

the rapid evaporation of acetone promotes perpendicu-

lar cylinder formation due to kinetic constraints.56 Com-

pared to toluene, acetone has a strong preferential af-

finity for the PMMA block57 while PB (32 mJ/m2) and PS

(40.7 mJ/m2) have lower surface energy than PMMA

(41.1 mJ/m2).58 The balance between selectivity of the

solvent and surface energy of the swollen blocks can

also promote the formation of perpendicular cylin-

ders.59 Thus, solvent annealing was used both to in-
duce microphase separation in the polymer films and
to promote orientation of the cylinders perpendicular
to the film plane.

Figure 3 shows the effect of film thickness on the
morphology of BSM179 films, which were annealed in
toluene vapor then etched using deep UV exposure and
oxygen reactive ion etching to remove the PMMA,
then with UV/ozone and water to remove the PB. At
33.1 nm thickness, the cylinders are oriented perpen-
dicular to the film, but as the thickness increases to 51
nm, a mixed orientation is formed, and at 62.3 nm, short
in-plane cylinders are observed. The formation of in-
plane cylinders is expected in films thicker than about
half the domain periodicity.54 Our terpolymers have pe-
riods of �65�90 nm, so the observations are consis-
tent with this expectation. The high molecular weights
lead to poor ordering kinetics, and the cylinders form
poorly ordered arrays.

The period of the cylinder arrays was measured
from SEM images of etched films such as those shown
in Figure 3. The period represents the average center-
to-center spacing of perpendicular cylinders or the
spacing measured normal to the cylinders for cylinders
oriented in-plane. Each data point represents the aver-
age of approximately 20 measurements, and the stan-
dard deviation was of the order of �7% of the period.
The period was found to be sensitive to film thickness
but insensitive to the solvent-annealing conditions. For
example, Figure 4 shows the period of BSM179 as a func-
tion of film thickness. The period is approximately 78
nm for films with thickness of 50�65 nm, a thickness
range within which in-plane cylinders form, but in-
creases for film thicknesses below 43 nm when perpen-
dicular cylinders form. Similarly, the period of BSM185

decreases from 80 to 68 nm as the thickness increases
from 38.8 to 42.4 nm. However, the period is indepen-
dent (within �2 nm) of the choice of toluene, tetrahy-
drofuran, or acetone solvent vapor for a given thickness.

Figure 2. (a) SEC chromatogram of the intermediate com-
pounds and final PB-b-PS-b-PMMA triblock terpolymer
BSM141; (b) 1H NMR of the PB1,4-b-PS-b-PMMA triblock ter-
polymer BSM141. The blocks in the chemical structure la-
beled x and y indicate 1,2 and 1,4 PB, respectively.

Figure 3. SEM images of thin films of BSM179 with different
thicknesses (labeled) after annealing in toluene vapor for
17.5 h at room temperature, followed by exposure with deep
UV and etching with oxygen RIE to remove the PMMA, then
etching with UV/O3 and water to remove PB. The as-spun
film thicknesses were (a) 62.3 nm, (b) 58.7 nm, (c) 51.4 nm,
and (d) 33.1 nm.
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Thickness-dependent cylinder spacing has been ob-
served in other systems, for example, by Knoll et al.60

for in-plane cylindrical PS-b-PB diblock copolymers. This
was attributed to a competition between the surface
energy and strain energy of the microdomains.

Figure 5 shows images of etched BSM films. The
thickness of each film was within the range where per-
pendicular cylinders form and corresponds to 42.4, 42.8,
and 43.0 nm for BSM141, BSM179, and BSM185, respec-
tively. The three triblock terpolymers exhibit differences
in both period and microdomain inner and outer diam-
eters, as shown in Table 2. The BSM185 period is larg-
est. Its period exceeds that of BSM179, despite the simi-
larity in their molecular weights, which is attributed to

the fact that the sum of the vol-
ume ratios of the PS and PMMA
blocks in BSM185 is larger than that
of BSM179. This phenomenon has
been observed in other systems;
for example, a larger period and
larger diameter cylindrical do-
mains were obtained in PS-b-PB-b-
PMMA94 (SBM94) compared to
SBM120 because the sum of the
volume ratio of the minor compo-
nents in SBM94 was larger.37

Selective Etching of the PS, PB, and
PMMA Blocks. The etch selectivity
among the three blocks is one of
the essential considerations for
lithographic applications. As illus-
trated in Figure 3, in the PB-b-PS-b-
PMMA triblock terpolymer, deep
UV exposure degrades the PMMA
domains and subsequent oxygen
RIE removes the degraded PMMA
to reveal the spatial arrangement
of hollow PS cylinders in the PB
matrix. In addition, a UV/ozone
treatment degrades the 1,4 addi-
tion in the PB matrix by breaking
the carbon�carbon double bonds
in the polymer backbone. The

UVO3 process, which generates ozone and atomic oxy-

gen from the interaction between UV radiation and oxy-

gen, has been widely used in the microelectronics in-

dustry to remove organic contamination.61,62 The

degraded PB can be simply washed away by immers-

ing in water.1 Thus, in the end, one is left with PS rings,

which can be used as a lithographic mask.

To quantify the etch selectivity, we begin by analyz-

ing the etch rate of homopolymer PB, PS, and PMMA

(hPB, hPS, and hPMMA) thin films under several etching

conditions. Thin films of hPB (10.7 kg/mol molecular

weight) with 19% 1,2 addition, hPS (17.5 kg/mol), and

hPMMA (10.5 kg/mol) were spin-coated on silicon sub-

strates with initial thicknesses of 55.1�58.3, 52.5�56.9,

and 42.5�44.5 nm, respectively. After different etch pro-

tocols, the change in film thickness was measured. The

thickness of each homopolymer film that was removed

is given in Table 3 for a range of etch conditions. hPMMA

has the highest etch rate for each etching condition, sug-

gesting that PMMA can be removed with good selectiv-

ity compared to PS and PB. The maximum etch selectiv-

ity between hPMMA and hPS was obtained by including

a UVO3/water process step at 50 °C. However, the 50 °C

water process leads to the production of stable interme-

diate compounds in hPB,63 and the UV process can cause

cross-linking of the 19% 1,2-PB present in hPB, making

hPB more etch resistant. There was considerably less etch

selectivity between hPB and hPS, with the hPS often etch-

ing at a similar rate to the hPB. The best process to re-

move hPMMA and hPB while leaving the hPS unaffected

was protocol B in Table 3, which involved the use of deep

UV exposure followed by a UVO3/water process step at

50 °C.

Pattern Transfer into Silica. The results in the previous

section demonstrate conditions under which hPMMA

and hPB etch faster than hPS, as required for the forma-

tion of PS rings from the triblock terpolymer. However,

when applying these etch methods to our triblock ter-

polymers, we found that the PMMA block could not be re-

moved as easily as the results on the homopolymer sug-

gest. For example, UVO3/water was found to be

ineffective by itself in removing the PMMA cores of the

cylinders, and composite disks of PS/PMMA instead of

rings of PS were obtained after an UVO3/water treatment.

Figure 5. SEM images of thin films
of PB-b-PS-b-PMMA: (a) MW � 141
kg/mol, (b) MW � 179 kg/mol, (c)
MW � 185 kg/mol after annealing
in toluene vapor, then UV exposure
and etching with oxygen plasma.

Figure 4. Period of the cylindrical domains in BSM179 as a
function of thickness. The error bars show one standard
deviation.

TABLE 2. Period and Dimensions of PS Ring Patterns in
Films of the Three Triblock Terpolymers after Annealing
in Toluene Vapor Followed by Deep UV Exposure and
Oxygen Etchinga

BSM141 BSM179 BSM185

film thickness (nm) 42.4 42.8 43.0
period (nm) 66 � 5 82 � 8 86 � 7
inner ring diameter (nm) 11 � 2 12 � 2 15 � 2
outer ring diameter (nm) 44 � 4 56 � 7 55 � 5

aThe data are based on the average of approximately 20 measurements from sev-
eral SEM images including those of Figure 5.
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Several methods based on the results in Table 3

were explored to etch the terpolymer and to subse-

quently transfer the pattern from the polymer to the

underlying silica film, three of which will be described

here for BSM179. In the first method, PMMA was re-

moved by deep UV exposure and oxygen RIE, then the

PB was etched using UVO3/water treatment, then the

PS pattern was etched into the silica layer using CHF3

RIE. However, the PB was only partly removed by the

UVO3/water treatment, leading to incomplete transfer

of the ring pattern (Figure 6a). There are three possible

reasons for this. First, the 1,2 addition in the PB matrix

may have been cross-linked under the deep UV expo-

sure.64 Second, after multiple or long-term UVO3/water

treatment, extended ozonation may have led to nonse-

lective etching, causing the loss of the original cylindri-

cal features.65 Third, the PS features may not extend

completely through the film due to the strong affinity

of PMMA and PB for the silicon dioxide.66,67

The second pattern transfer method is to omit
the deep UV exposure and oxygen RIE and instead
use only the UVO3/water treatment followed by
CHF3 RIE. The problem of cross-linking in the PB ma-
trix is not an issue in this case. However, discrete
dots instead of rings were formed in the silica layer
since the PS and PMMA are both etched only slowly
by the UVO3/water treatment. Ozone attacks the in-
chain double bond of PB, but PS has no double
bonds in the polymer chain, and it is degraded about
six times more slowly than PB in ozone. The CAO
bond in the PMMA is more resistant to ozone attack
than the CAC bond, so it is even more stable than
polystyrene.68,69

The third method is to use only deep UV exposure
followed by UVO3/water, then a combined CHF3 RIE
and UVO3/water treatment. The cross-sectional SEM im-
age in Figure 6b shows a PS-capped silica ring array.
The pattern can also be transferred by applying a short
oxygen RIE before the CHF3 RIE (Figure 6c,d). Figure 6c
shows a plan view of PS-capped silica rings, and Figure
6d shows silica rings after removing the PS rings by oxy-
gen RIE. In this process, the UV exposure time also plays
an important role. Underexposure leads to intercon-
nected dots and rings, while overexposure gives iso-
lated but partly missing rings.

In Figure 6b�d, we see that the 20 nm thick PS
ring array was transferred into 19 nm thick SiO2 rings.
However, compared to the etched BSM179 film (Figure
5a), the quality and uniformity of the silica pattern is de-
graded. For example, in Figure 6d, only about 80% of
the PS rings transferred into silica features, and of these,
only about 25% are rings instead of dots. In the etched
BSM179 film, the average period, outer ring diameter,
and inner ring diameter of the PS block after PB and
PMMA removal were 83, 41, and 15 nm, respectively.
For the silica ring pattern, measurements of just the
ring-shaped features gave average values of 85, 48, and
18 nm, respectively. The poor uniformity of the silica
rings is attributed partly to poor uniformity of the PS
domains in the etched film and partly to degradation
of the PS features during pattern transfer. The quality
of the etched pattern may be improved by using a more

TABLE 3. Etching of Homopolymer PS (hPS), hPB, and hPMMA under Different Etching Conditionsa.

etch method etched thickness of hPMMA (nm) etched thickness of hPS (nm) etched thickness of hPB (nm)

A A. (i) DUV exposure � O2 RIE 11 s 16.2 5.5 7.8
(ii) followed by UV/O3 90 s � water @ 50 °C 26.3 3 2.2

B B. (i) DUV exposure followed by UV/O3 90 s � water @ 50 °C 42.5 0 3.7
C (i) UV/O3 90 s � water @ 50 °C 30.6 4.7 9.4

(ii) followed by O2 RIE 12 s 9.3 11.2
D (i) O2 RIE 11 s 16.9 6.2 7.7

(ii) followed by UV/O3 90 s � water @ 50 °C 10.6 1.4 1.6
(iii) followed by 3 repeats of UV/O3 90 s � water @ 50 °C -- 9.4 6.8
(iv) followed by UV/O3 90 s � CHF3 RIE 180 s -- 10.2 12.2

aThe thickness of each film removed by each etch step is given in nanometers. The initial thicknesses of the films were in the range of 44�58 nm. The dashes indicate
where the etch thickness could not be measured because the film was mostly or completely etched by previous steps.

Figure 6. Pattern transfer into silica rings from a BSM179

film annealed in acetone vapor for 6 h. (a) The PMMA was re-
moved with deep UV exposure and O2 RIE, the PB with UV/
ozone and water treatment, then the PS pattern was etched
into the silica using CHF3 RIE. The PB was only partially re-
moved, leading to interconnected features, and overetch-
ing with CHF3 causes missing rings. (b) Side view of PS-
topped silica rings after a sequence of deep UV exposure,
UVO3/water (2�), CHF3 RIE for 2.75 min, and an additional
UVO3/water treatment to remove the PMMA and PB, then a
CHF3 RIE for 1.85 min to transfer the pattern into silica. (c)
Plan view of PS-topped silica rings after a sequence of deep
UV exposure, UVO3/water (3�), a short oxygen RIE, and a
CHF3 RIE for 2.75 min. (d) Plan view of silica rings after the se-
quence in (c) with an additional CHF3 RIE for 0.85 min and
oxygen RIE to remove the PS, leaving only the pattern in the
silica.
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etch-resistant block chemistry in place of the PS, for ex-

ample, an organometallic or Si-containing block such

as poly(ferrocenyldimethylsilane) or poly(dimethylsilox-

ane), both of which have high etch resistance under

an oxygen plasma and can serve as a good etch mask

for transferring the pattern into silica.11,70

CONCLUSION
Cylindrical core�shell morphology thin films

were obtained from PB1,4-b-PS-b-PMMA triblock ter-

polymers with total molecular weights of 141, 179, and

185 kg/mol synthesized by anionic polymerization.

Thin films of the polymers were formed by spin-

coating and annealed to form self-assembled arrays

of core�shell cylinders oriented perpendicular to

the surface. The PMMA core and PB matrix blocks

were removed using sequential etching, and the re-

maining PS ring pattern was transferred into an un-

derlying silica film to form ring features. Pattern

transfer from a 179 kg/mol molecular weight poly-

mer led to a pattern of silica rings with a height of

19 nm, although the quality of the silica ring pattern

was degraded compared to that of the triblock

terpolymer.

EXPERIMENTAL METHODS
Synthesis and Characterization of PB1,4-b-PS-b-PMMA Triblock

Terpolymers. The polymer synthesis and almost all the purifica-
tion techniques were performed under vacuum, in all-glass reac-
tors provided with break-seals and constrictions. The purifica-
tion of the monomers (1,3-butadiene, styrene, methyl
methacrylate), 1,1-diphenylethylene (DPE), the solvents (THF
and benzene), and the terminating agent MeOH was carried out
according to literature methods.71 The initiator sec-butyl lithium
(s-BuLi) was prepared under vacuum from sec-butyl chloride and
lithium metal in hexane.72 In a typical experiment shown in
Scheme 1 (described here for PB1,4-b-PS-b-PMMA with a molec-
ular weight of 141 kg/mol, or BSM141), 70 mL of benzene was dis-
tilled into the polymerization apparatus, then 3.8 g of 1,3-
butadiene was poured into the reactor flask, followed by addi-
tion of 0.047 mmol s-BuLi, by breaking the corresponding break-
seal. The polymerization was allowed to proceed until complete
consumption of the monomer (24 h). A small sample of the living
PB was then removed, by flame sealing, for characterization.

A small amount of THF (0.5 mL) was added into the solution,
followed by styrene (1.9 g), and the reaction was allowed to pro-
ceed for 24 h. After the polymerization was completed, 0.18
mmol of DPE (3-fold excess over the concentration of the living
anions) was added. The solution was collected into an ampule
equipped with a break-seal which was removed from the appa-
ratus by flame sealing. A small amount of the living PB-b-PS was
used for characterization. The ampule was attached to another
apparatus where 210 mL of THF (THF/benzene � 3/1) was dis-
tilled and then the apparatus was subsequently sealed off from
the vacuum line. The flask was cooled to �78 °C in a dry ice�2-
propanol bath. The break-seal of the ampule containing the liv-

ing PB-b-PS end-capped with DPE was broken, and the polymer-
ization of methyl methacrylate was initiated by breaking the
methyl methacrylate ampule (0.5 g) and distilling the monomer
into the reactor. The polymerization was conducted for 1 h un-
der vigorous mixing using a glass stirrer. Finally the living poly-
mer was deactivated by adding degassed methanol. The poly-
mer was precipitated in excess methanol. The final product was
dried in a vacuum oven until constant weight. Three PB-b-PS-b-
PMMA terpolymers, BSM141, BSM179, and BSM185, of molecular
weights 141, 179, and 185 kg/mol, respectively, were synthesized
(Table 1).

To characterize the intermediate compounds, size-exclusion
chromatography (SEC) experiments were conducted at 40 °C us-
ing a modular instrument consisting of a Waters model 510
pump, a Waters model U6K sample injector, a Waters model
401 differential refractometer, a Waters model 486 UV spectrom-
eter, and a set of 4 �-Styragel columns with a continuous poros-
ity range from 106 to 103 Å. Tetrahydrofuran was the carrier sol-
vent at a flow rate of 1 mL/min. Dual-detector SEC analysis
[refractive index and two angle laser light scattering (SEC-TALLS)
detectors], using a Waters 1525 high-pressure liquid chromatog-
raphy pump, Waters Ultrastyragel columns (HR-2, HR-4, HR-5E,
and HR-6E), a Waters 2410 differential refractometer detector,
and a Precision 2020 two-angle (15°, 90°) light-scattering detec-
tor, was also employed for the determination of the refractive in-
dex increments, dn/dc, and the weight-average molecular
weights of the samples. The 1H NMR spectra were recorded in
chloroform-d at 25 °C with a Varian Unity Plus 300/54 NMR
spectrometer.

Thin Film Deposition and Characterization. The thin film samples
were prepared by spin coating of 1 wt % toluene solution of PB-

b-PS-b-PMMA to form films with
thickness of 33�62 nm, as deter-
mined by ellipsometry. Substrates
consisted of SiO2(19 nm)/Cu(2 nm)/
Co(9 nm)/Si substrate, in which the
layers were deposited by electron
beam evaporation. After annealing
in acetone vapor for 5�6 h or tolu-
ene vapor for 17 h at room tempera-
ture, various etching steps were ap-
plied in order to remove the PB and
PMMA domains completely before
transferring the PS pattern into the
silica layer. Deep UV exposure in an
OAI (Optical Associates Inc.) expo-
sure system using a wavelength of
220 nm and power of 0.48 �w for
320 or 500 s and oxygen reactive ion
etching (RIE, in a Plasmatherm
etcher) were primarily used to etch
the PMMA. The PB was etched using
UV/ozone, which attacks the double
bonds of the 1,4 addition, then the
samples were immersed in deionizedScheme 1. Experimental pathway for the synthesis of PB1,4-b-PS-b-PMMA triblock terpolymers.
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water at room temperature or at 50 °C to wash away the de-
graded PB. The PS patterns were transferred into silica using a
CHF3 RIE.
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