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W
hile block copolymer self-
assembly holds much promise
as a lithography alternative for

critical high-resolution patterning of future

microelectronic devices,1 a real limitation of

this approach compared to traditional

lithography is that self-assembled patterns

consist of only a single phase morphology

(for example, spheres, cylinders, or lamel-

lae).2 This is because block copolymer pat-

terns form by phase separation into domain

morphologies determined by the constitu-

ent polymer block volume fractions, which

are constant for a given material.

Here we demonstrate for the first time

the ability to selectively pattern the phase

morphology of a self-assembled block co-

polymer thin film, an attractive prospect for

high-resolution templating applications re-

quiring precise control of the locations of

more than one type of self-assembled pat-

tern. Our process is enabled by distinctive

properties of the block copolymer poly(�-

methylstyrene)-block-poly(4-

hydroxystyrene) (P�MS-b-PHOST), which

behaves as a chemically amplified negative-

tone photoresist when combined with

small amounts of a photoacid generator

(e.g., triphenylsulfonium triflate, TPST) and

a cross-linker (e.g., tetramethoxymethyl gly-

coluril, TMMGU).3,4

We have previously demonstrated con-

trol of the self-assembled pattern morphol-

ogy in P�MS-b-PHOST films by exposure to

suitable solvent vapor.5 Exposure of a 33%

P�MS polymer film to tetrahydrofuran

(THF), a good solvent for both P�MS and

PHOST blocks, results in phase separation

into a cylindrical film morphology. Anneal-

ing in acetone, a solvent selective for the
PHOST majority component, causes an
order�order transition in the swollen state
to spherical morphology, which is kineti-
cally trapped upon drying.

We can use sequential solvent vapor
treatments to reversibly switch between
P�MS-b-PHOST film phase morphologies.
However, cross-linked PHOST domains re-
main fixed and do not change morphology
upon exposure to subsequent solvent, al-
lowing the selective formation of regions of
two different morphologies within a single
P�MS-b-PHOST film. A different self-
assembling block copolymer system with
photoresist behavior, polystyrene-block-
poly(tert-butylacrylate), was shown to be-
have as a positive-tone photoresist with
�400 nm resolution upon inclusion of a
photoacid generator, in which the acid
formed upon UV exposure catalyzes depro-
tection of the poly(tert-butyl acrylate)
block.6 The mass loss from block
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ABSTRACT We leverage distinctive chemical properties of the diblock copolymer poly(�-methylstyrene)-

block-poly(4-hydroxystyrene) to create for the first time high-resolution selective-area regions of two different

block copolymer phase morphologies. Exposure of thin films of poly(�-methylstyrene)-block-poly(4-

hydroxystyrene) to nonselective or block-selective solvent vapors results in polymer phase separation and self-

assembly of patterns of cylindrical-phase or kinetically trapped spherical-phases, respectively. Poly(4-

hydroxystyrene) acts as a high-resolution negative-tone photoresist in the presence of small amounts of a

photoacid generator and cross-linker, undergoing radiation-induced cross-linking upon exposure to ultraviolet

light or an electron beam. We use lithographic exposure to lock one self-assembled phase morphology in specific

sample areas as small as 100 nm in width prior to film exposure to a subsequent solvent vapor to form a second

self-assembled morphology in unexposed wafer areas.

KEYWORDS: self-assembly · block copolymer · photoresist · solvent
annealing · P�MS-b-PHOST
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deprotection can also cause an order�order transition
in polymer films, inducing a shift from cylindrical
polystyrene-block-poly(tert-butyl acrylate) to spherical
polystyrene-block-poly(acrylic acid), although there
have been no attempts to achieve multiple phase mor-
phologies in a single polymer film using this approach.7

Here, we have demonstrated the resolution of our
selective-area P�MS-b-PHOST patterning approach to
be less than 100 nanometers.

Although until now there have been no demonstra-
tions of selective-area patterning of two self-assembled
phase morphologies within a single block copolymer
film, there have been several demonstrations showing
control of two domain orientations within a block co-
polymer film composed of a single phase morphology.
Surface-neutralizing techniques have been used exten-
sively to gain perpendicular orientation of both cylindri-
cal and lamellar morphologies of polystyrene-block-
poly(methyl methacrylate) (PS-b-PMMA).8�14

Patternable surface neutralization materials have been
demonstrated to form perpendicular orientations on
within neutral surface patterns and parallel orientations
on untreated areas, although the patterned regions
are limited to micrometer-scale resolution.11�14 Alterna-
tively, chemical epitaxy, in which chemical patterns on
a substrate having a length scale similar to the block co-
polymer can induce alignment in block copolymer
film, both by aligning the morphology and controlling
the orientation of cylindrical and lamellar domains in
films of PS-b-PMMA in select wafer areas.15�19 An advan-
tage to the cross-linking-induced patterning of P�MS-b-
PHOST demonstrated here is the ability to directly write

the high-resolution morphology pattern. Using the
selective-cross-linking method demonstrated here,
large defect-free patterns can in principle be achieved
by combining lithographic exposure with established
methods of inducing order in block copolymer films, in-
cluding not only chemical epitaxy, but also
graphopitaxy,5,20�23 electric fields,24�27 and shear
forces.28�31

RESULTS AND DISCUSSION
The key to using P�MS-b-PHOST for this combined

patterning method is that the presence of the photo-
acid generator TPST and cross-linker TMMGU (necessary
for the material to act as a negative-tone photoresist)
do not interfere with the solvent vapor-induced self-
assembly processes. Sequential exposure of 20 nm thick
P�MS-b-PHOST films containing 1.5% w/w TPST and
4% w/w TMMGU to different solvent vapor environ-
ments results in self-assembled patterns correspond-
ing to the final solvent vapor treatment (Figure 1). The
pattern self-assembly process is not only unaffected by
inclusion of small quantities of photoactive com-
pounds, but the solvent anneal history does not play a
role in the pattern morphology. P�MS-b-PHOST films
annealed in nonselective THF form the fingerprint pat-
tern consistent with parallel-oriented cylindrical phase
morphology (Figure 1A), while films exposed to acetone
vapor (selective for the PHOST block) form spherical-
phase patterns of hexagonally arranged dots (Figure
1B). Subsequent exposure of the cylindrical-phase mor-
phology (Figure 1A) to acetone converts the finger-
print pattern to hexagonal dots (Figure 1C) that are in-
distinguishable from films annealed singly in acetone
(Figure 1B). As well, spherical dot patterns are com-
pletely converted to cylindrical morphology by further
annealing in THF (Figure 1D). We have avoided possible
film cross-linking from ambient light exposure by per-
forming all experiments entirely under yellow light
conditions.

We can prevent phase-separated P�MS-b-PHOST
films from switching morphology upon subsequent sol-
vent vapor annealing by inducing a sufficient cross-
link density in the film through controlled exposure to
ultraviolet (UV) light (Figure 2). In traditional photo-
lithography, film cross-linking further prevents dissolu-
tion of the polymer upon developing in a solvent or
aqueous base. P�MS-b-PHOST films annealed in a first
solvent (in the dark) and subsequently exposed to a suf-
ficient dose of UV light and postexposure baked (115
°C, 60 s) before exposure to a second solvent vapor all
maintain the phase morphology from their first anneal,
demonstrating that film cross-linking prevents mor-
phology switching. Films annealed first in acetone be-
fore UV exposure and then THF solvent vapor remain
locked in a spherical-phase dot pattern (Figure 2A),
while films annealed first in THF, cross-linked with UV
light, and then exposed to acetone vapor show the cy-

Figure 1. AFM height images of self-assembled P�MS-b-PHOST films
annealed in different solvent vapor environments: (A) annealed in THF;
(B) annealed in acetone; (C) annealed first in THF and then annealed
for a second time in acetone; (D) annealed in acetone followed by THF.
The height scale for all images is 10 nm.
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lindrical pattern morphology of the fingerprint pattern
(Figure 2B). We observe significant pattern degradation
only in films first annealed in THF prior to cross-linking
and subsequent acetone exposure (Figure 2B).

We have measured the UV exposure dose required
to lock a self-assembled morphology and prevent
switching during subsequent exposure to a second sol-
vent vapor; the exposure dose necessary to lock a
spherical morphology is shown in Figure 3. Films ini-
tially annealed in acetone form a spherical morphol-
ogy (Figure 1B), and UV exposure of at least 10.4 mJ/
cm2 preserves the hexagonal dot pattern structure
upon further annealing in THF (Figure 3D; also the dot-
ted exposure range in Figure 3A), indicating the intro-
duction of sufficient cross-link density to lock the
spherical morphology. Films exposed to lower doses
show either a complete switch to cylindrical phase (di-
agonal striped range in Figure 3A) or a mixed cylinder/
sphere morphology (Figure 3C; also the gray range in
Figure 3A) after a similar second THF treatment.

We can similarly lock a self-assembled cylindrical
phase morphology by exposure to sufficient UV light
(Figure 4), although this case requires a larger minimum
exposure dose (increased from 10.4 mJ/cm2 to 15.6 mJ/
cm2) necessary to prevent switching to a cylindrical
phase upon a second anneal in acetone (Figure 4D;
also the diagonal stripe range in Figure 4A). Cylindrical
patterns receiving lower UV exposure doses either
switch to spherical morphology upon annealing in ac-
etone (the dotted range in Figure 4A) or form a mixed
cylinder and sphere pattern (Figure 4C; also the gray
range in Figure 4A). Our observations are consistent
with P�MS-b-PHOST films requiring a higher degree of
swelling in acetone (compared to THF) to gain sufficient
mobility for pattern formation. Because acetone is a se-
lective solvent for PHOST, the less-soluble P�MS block
crosses the swelling threshold for polymer mobility and,
thus, self-assembly, at a larger overall swell ratio than
in the case of annealing in a nonselective solvent such
as THF. We believe that the higher film swelling condi-
tion required for pattern formation in acetone interferes
with the morphology of the cross-linked film, thereby
resulting in a higher exposure dose required to prevent
morphology switching (Figure 4A) as well as larger film
roughness (Figure 4D,E) for P�MS-b-PHOST films an-
nealed in acetone after cross-linking.

We have also measured the P�MS-b-PHOST photo-
resist sensitivity by UV exposure to a range of doses, fol-
lowed by a postexposure bake and immersion in a sol-
vent developer (1:2 cyclohexanone/isopropanol). The
resulting contrast curve shows the normalized remain-
ing film thickness after development versus the UV ex-
posure dose (Figure 5). For a negative-tone photoresist
material, the sensitivity is defined by the dose at which
50% of original film thickness remains in the UV ex-
posed regions, in this case, �6 mJ/cm2, though typi-
cally the exposure dose for patterning is chosen be-

tween this value and the exposure dose that gives

nearly 100% of the original P�MS-b-PHOST resist thick-

ness (here approximately 10.4 mJ/cm2), thereby limiting

the line broadening that occurs upon overexposure.32

Figure 2. AFM height images of self-assembled P�MS-b-PHOST films
exposed to UV followed by a postexposure bake prior to the second
solvent vapor treatment. (A) A P�MS-b-PHOST film annealed in
acetone, UV exposed, and annealed in THF remains in a spherical mor-
phology; (B) a film annealed first in THF and exposed to UV, then an-
nealed in acetone maintains the cylindrical morphology of a THF an-
neal. The height scale for both images is 10 nm.

Figure 3. UV exposure dose required to lock the spherical film
morphology. (A) UV dose range and resulting block copolymer
film morphology after subsequent solvent vapor treatment in
THF. The black dots correspond to exposures tested, and the
background indicates morphology observed; the interfaces be-
tween the morphologies are not known, but for clarity are indi-
cated at the midpoints. AFM height images of P�MS-b-PHOST
films having UV exposure doses of (B) 0 mJ/cm2, (C) 7.8 mJ/cm2,
(D) 10.4 mJ/cm2, and (E) 26 mJ/cm2. The height scale for (B) is 10
nm, and the scale is 5 nm for (C�E).
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The required exposure dose to prevent film dissolution

(10.4 mJ/cm2; Figure 5) is the same as the dose to pre-

vent morphology switching in an acetone-to-THF an-

nealing sequence (Figure 3), indicating that the overall

resolution for this order of solvent vapor exposures will

have a higher resolution than a THF-to-acetone se-

quence (Figure 4), which has a minimum exposure dose

to lock in phase morphology of 15.6 mJ/cm2.

We combine the UV sensitivity of P�MS-b-PHOST to-

gether with its solvent vapor processability to form

high-resolution patterns of two different block copoly-

mer phases within select wafer areas. We have em-
ployed electron-beam (e-beam) lithography to investi-
gate the smallest achievable length scales, even though
this exposure method requires recalibrating the resist
sensitivity for e-beam doses because there is no direct
correlation between UV and e-beam sensitivity. We fo-
cus on the solvent vapor sequence of first forming a
spherical morphology by annealing in acetone and
then annealing in THF after e-beam exposure to maxi-
mize the patterned film spatial resolution.

Film exposure to a range of e-beam doses reveals
optimal high-resolution patterns of spherical morphol-
ogy within a field of cylindrical-phase morphology (Fig-
ure 6). P�MS-b-PHOST films containing the photoacid
generator TPST and the cross-linker TMMGU are an-
nealed first in acetone to form a spherical-phase dot
pattern (Figure 1B) and next patterned by e-beam expo-
sure of a series of lines having 1:4 spacing, leading to
cross-linking in the exposed regions. The exposed films
are next annealed in THF to switch the unexposed re-
gions to a cylindrical morphology. Unlike photolithog-
raphy, e-beam-exposed P�MS-b-PHOST films do not re-
quire a postexpose bake prior to solvent annealing, as
this was found to increase line broadening. Even with-
out a resist postexpose bake, the optimal exposure
dose needed to lock the self-assembled morphology is
5 times smaller for films containing TPST and TMMGU
(100 �C/cm2 for films containing TPST and TMMGU and
500 �C/cm2 for neat P�MS-b-PHOST films, not shown).

P�MS-PHOST films patterned with a 100 �C/cm2

e-beam exposure dose showed 200 nm wide lines hav-
ing spherical morphology within a field of cylindrical
morphology without significant line broadening (Fig-
ure 6A). Written line widths smaller than 200 nm failed
to sufficiently cross-link to prevent switching in ex-
posed regions. Unexposed film regions switch to cylin-
drical morphology during the second solvent vapor
treatment, while the exposed regions show a mixed cyl-
inder/sphere morphology, albeit one with minimal line
broadening.

Writing a series of 75 nm wide lines with 1:4 spac-
ing using the optimal e-beam dose of 200 �C/cm2

locks the spherical morphology in regions approxi-
mately 4 spheres wide (or �95 nm, based on the mea-
sured 24 nm sphere repeat distance), meaning that this
dose produces �20 nm of line broadening (Figure 6B).
We measure a film thickness decrease of �5 nm in the
exposed regions (from an original film thickness of 20
nm) by atomic force microscopy (images not shown).

Higher e-beam exposure doses (Figure 6C) leave
the exposed spherical-phase areas unaffected, although
we observe a significant increase in line broadening.
Overexposure also negatively affects self-assembly of
cylindrical phase regions in nominally unexposed areas
as cross-links are introduced into these film areas from
proximity effects. With lower exposure doses (100 �C/
cm2), we observe virtually no line broadening, but the

Figure 4. UV exposure dose required to lock the cylindrical film
morphology. (A) UV dose range and resulting block copolymer
film morphology after subsequent solvent vapor treatment in
acetone. AFM height images of P�MS-b-PHOST films having UV
exposure doses of (B) 0 mJ/cm2, (C) 7.8 mJ/cm2, (D) 15.6 mJ/cm2,
and (E) 26 mJ/cm2. The height scale for images (B�E) is 10 nm.

Figure 5. Normalized P�MS-b-PHOST film thickness after
UV exposure and solvent develop vs UV exposure dose.
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ultimate achievable resolution for the spherical-
morphology cross-linked region is worse (Figure 6A,
200 nm lines). The optimum dose is achieved with 200
�C/cm2 exposure (Figure 6B): little cross-linking occurs
outside of the exposed region and we observe only a
narrow band of mixed-phase morphology (less than a
single 24 nm domain repeat-unit in width) between ex-
posed and unexposed areas, demonstrating high-
resolution and high-contrast patterning of block co-
polymer film morphologies.

We have demonstrated here that P�MS-b-PHOST
film morphology can be switched by sequential anneal-

ing in solvent vapors having different block selectivi-
ties, enabling formation of either spherical or cylindri-
cal morphologies. We can prevent morphology
switching in select wafer regions by selective radiation-
induced cross-linking using either UV light or an
e-beam prior to film exposure to a second solvent va-
por environment. By combining e-beam-induced cross-
linking and solvent-induced morphology switching,
we have shown for the first time selective high-
resolution patterning of a single block copolymer film
into �100 nm regions of two different self-assembled
phase morphologies.

METHODS
The P�MS-b-PHOST block copolymer material used here has

a total Mn of 21 kg/mol, 33% P�MS by mass, and distribution
1.10, as described previously;5 synthesis by sequential anionic
polymerization of poly(�-methylstyrene)-block-poly(tert-
butoxystyrene) and subsequent deprotection to P�MS-b-PHOST
have also been described previously.3 Films were spin-coated
from propylene glycol methyl ether acetate (Aldrich, 1% w/v)
with spin speed previously determined to yield single morphol-
ogy thickness films, measured here to be 20 nm by ellipsometry.5

Spinning solution also contained 1.5% (w/w relative to P�MS-b-
PHOST) triphenylsulfonium triflate (TPST, Aldrich) photoacid
generator and 4% (w/w relative to P�MS-b-PHOST) tet-
ramethoxymethyl glycoluril (TMMGU, “Powderlink 1174,” Cytec
Industries) cross-linker. These small quantities of TPST and TM-
MGU do not to affect the self-assembly of the P�MS-b-PHOST, as
long as films are not exposed.

Spin coating and solvent vapor annealing with acetone (Ald-
rich) and tetrahydrofuran (THF, Aldrich; in a sealed 1 L jar with
solvent reservoir, 6 mL of THF or 4 mL of acetone) are performed
under yellow light conditions to prevent photoacid generator
exposure. Atomic force microscopy (AFM) is performed on a
Veeco Dimension 3100 in tapping mode. In Figure 6, partial re-
moval of the P�MS was achieved by heating films on a hot plate
at 115 °C for 15 min in air, aiding AFM imaging.

In the case of UV-exposed films, an HTG mask aligner with
254 nm exposure was used to blanket-expose films; output was
measured to be 2.6 mW/cm2. Post-exposure bake in all cases was
115 °C for 60 s. Solvent development conditions determined pre-
viously3 were used again here, involving 1:2 cyclohexanone/
isopropanol (v/v) mixture for 1 min, followed by 1 min in isopro-

panol, and dry nitrogen. Electron beam lithography was written
using an NPGS on a Helios Nanolab (FEI), with exposures at 30 kV.
Films used for e-beam patterning contain TPST and TMMGU,
but no postexpose bake step is applied after e-beam pattern-
ing. Film thicknesses were measured with a Nanofilm EP3 imag-
ing ellipsometer.
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