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ABSTRACT Poly(c-methylstyrene)-block-poly(4-hydroxystyrene) acts as both a lithographic deep UV
photoresist and a self-assembling material, making it ideal for patterning simultaneously by both top-down and
bottom-up fabrication methods. Solvent vapor annealing improves the quality of the self-assembled patterns in
this material without compromising its ability to function as a photoresist. The choice of solvent used for annealing
allows for control of the self-assembled pattern morphology. Annealing in a nonselective solvent (tetrahydrofuran)
results in parallel orientation of cylindrical domains, while a selective solvent (acetone) leads to formation of a
trapped spherical morphology. Finally, we have self-assembled both cylindrical and spherical phases within
lithographically patterned features, demonstrating the ability to precisely control ordering. Observing the time
evolution of switching from cylindrical to spherical morphology within these features provides clues to the
mechanism of ordering by selective solvent.
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atterning the nanometer-scale di-
P mensions of microelectronic inte-

grated circuit (IC) elements contin-
ues to be a major technological barrier to
realizing performance improvements.' One
proposed pathway to achieving patterning
objectives for future IC generations involves
designing increased functionality into the
polymeric resist patterning materials. For
example, a single resist material that is pat-
ternable by both conventional deep UV li-
thography (i.e., a top-down method) as well
as self-assembly techniques (i.e., bottom-up
methods) provides a vehicle for efficiently
implementing both approaches within the
technology infrastructure of advanced
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assembly techniques.®> This feature, along
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nor phase, allows for very precise location
of the self-assembled block copolymer pat-
tern that can be used for further patterning
applications, especially when coupled with
the selective removal of the PaMS minor
phase. However, controlling the micro-
phase separation, demonstrated in this
work, is key for device applications. PaMS-b-
PHOST with overall molecular weight of 21
kg/mol (M,,/M,, 1.10) and mass fraction of
PaMS 33% forms disordered, though per-
pendicularly oriented, cylindrical domains
upon spin casting from a solvent of propy-
lene glycol methyl ether acetate (PGMEA)
(Figure 1a), regardless of substrate, and for
a wide range of film thicknesses. The ob-
served behavior is consistent with reports
that a solvent evaporation gradient across
the polymer film can promote a perpen-
dicular domain orientation with little hex-
agonal ordering.* For PaMS-b-PHOST, it is
not possible to improve the quality of the
self-assembly process via a thermal treat-
ment due to the low ceiling temperature®
and corresponding low decomposition
temperature of PaMS, though it is this be-
havior that allows the selective removal of
the PaMS block. We observe thermal degra-
dation of PaMS at a temperature of 150 °C,
while we measure the PHOST glass transi-
tion temperature of 180—190 °C by differ-
ential scanning calorimetry.

Alternatively, solvent annealing has
been shown to improve the spatial coher-
ence of patterns in other polymer
systems.®~"° This occurs because the sol-
vent imparts increased polymer chain mo-
bility by acting as a plasticizer, thus effec-
tively lowering the glass transition
temperature, T, and increasing the mobil-
ity of the polymer chains.!’ Additionally, the
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Figure 1. Atomic force height micrographs of PaMS-b-
PHOST films with 16 nm thickness. (a) As cast, perpendicu-
larly oriented cylindrical phase. (b) Parallel-oriented cylin-
ders after annealing in THF. (c) Hexagonally packed dot pat-
tern after acetone anneal. In AFM, PaMS appears as the
lighter color.

selectivity of the solvent for the two block allows fur-
ther control of the morphology formed by the polymer
upon swelling and locked in upon rapid evaporation.

Further control of morphology location is necessary
for patterning applications. Additional techniques can
be used in conjunction with polymer mobility tech-
niques (either thermal or solvent annealing) in order to
gain further control of morphology, including electric
fields,> '* shear,”>™"” chemically patterned
substrates,'®'? and graphoepitaxy.®2°~2* Graphoepit-
axy, or self-aligned self-assembily, is particularly interest-
ing because the polymer morphology can subdivide a
much larger feature created by traditional photolitho-
graphic techniques.
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RESULTS AND DISCUSSION

Solvent Swelling Imparts Mobility and Morphology Control.
Because of the difficulties associated with thermal treat-
ments, we have instead used solvent vapor annealing
to promote uniform self-assembly of PaMS-b-PHOST
thin films. We observe parallel cylinder domain orienta-
tion when polymer chains gain mobility due to swell-
ing in tetrahydrofuran (THF) (Figure 1b), a good solvent
for both polymer blocks.?* In this case, preferential sur-
face wetting by the PHOST block drives parallel do-
main orientation. We measure the cylinder center-to-
center distance of 22 nm by atomic force microscopy
(AFM) and film thickness of 16 nm by ellipsometry and
14 nm by profilometry; the same annealing behavior is
observed for thicker films (127 nm by profilometry), as
well. In the case of PaMS-b-PHOST annealed in THF, suf-
ficient contrast for AFM imaging is achieved by a brief
exposure to a gentle oxygen plasma to remove the top
few nanometers of the film; no treatment is necessary
for as-spun and acetone-annealed films.?> The presence
of a top uniform polymer surface layer indicates a pref-
erential block affinity for the polymer—air interface.

A unique advantage of solvent annealing over ther-
mal treatments is the ability to control block copoly-
mer domain morphology through choice of solvent. An-
nealing in acetone causes the diblock copolymer film
to assemble into a hexagonal array of dots (Figure 1c),
with improved order as compared to the as-deposited
films (Figure 1a). These top-down images are consistent
with either perpendicularly oriented cylindrical do-
mains or spherical morphology. Acetone is not a good
solvent for PaMS,?* though we have found it to be a
good solvent for the PHOST homopolymer. Thus, we ex-
pect acetone to preferentially swell the PHOST block, in-
ducing an order—order transition from cylindrical to
spherical morphology in the swollen state, which may
be kinetically trapped in the dried state. It is difficult to
distinguish a perpendicular cylinder morphology from a
spherical phase in film thicknesses equal to or less than
a single morphology period. Thicker films (127 nm,
measured by profilometry) that have been annealed in
acetone also display the same ordered arrays of dots in
AFM images of the top surface (Figure 2a).

Acetone Anneal Yields Spherical Morphology. Grazing inci-
dence small-angle X-ray scattering (GISAXS) is a probe
well-suited for studying the polymer film interior, used
here to determine the interior structure of the dried
films after annealing in acetone. The GISAXS image in
Figure 2b prominently features a sharp Bragg reflection
at nonzero wavevector (parallel component g, = 0.0279
R~7, perpendicular component g, = 0.0595 A™") in-
dicative of three-dimensional organization inside the
film. Additionally, there are two peaks in the Yoneda
band between the critical angles of the substrate and
film, whose g, values of 0.0327 and 0.0455 A™" differ
from the first reflection. Moreover, the image does not
show the familiar diffuse Bragg rods characteristic of
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Figure 2. (a) AFM phase image of thick PaMS-b-PHOST film
after annealing in acetone vapor. (b) Corresponding GISAXS
image, demonstrating a face-centered orthorhombic (FCO)
lattice in the dried state. (c) Schematic phase diagram of xN
versus f,s. The solid arrow represents behavior of THF sol-
vent annealing, while the dotted arrow represents acetone
annealing. The effective xN parameter of the blocks is modi-
fied by the solvent uptake during swelling in both solvents
(vertical component of lines). Acetone annealing swells the
PHOST block selectively and thus also shifts the volume
ratio fs, while THF swells both blocks equally.

perpendicular cylinders,>*2%2” and thus we conclude

that the film does not possess that morphology.
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We expect a (110) oriented body-centered cubic
(BCQ), rather than a hexagonally close-packed lattice of
spheres, in the swollen state of these multilayer poly-
mer film samples comprising several layers of spheres.?®
Our data indicate that the rapid evaporation of the sol-
vent from the film upon removal from the chamber ki-
netically traps the spherical morphology, and the
deswelling affects the spacing of the spheres in the di-
rection perpendicular to the surface, resulting in a dis-
torted BCC lattice.

A BCC lattice with the (110) plane parallel to the sub-
strate was used in a first attempt to model the observed
peak positions. From the lateral peaks in the Yoneda
band,we calculate a lattice parameter of 27.5 nm, which
corresponds to a spacing of spheres on the top (sur-
face) plane of 24 nm, in reasonable accordance with
AFM measurements. However, the observed g, value
of the 3D Bragg reflection suggests film shrinkage in the
z-direction. Redefining the (110) oriented BCC lattice
to a face-centered orthorhombic (FCO) surface lattice
allows modeling of the distorted system, while main-
taining the highest possible lattice symmetry. The re-
sulting theoretical peak positions agree well with the
GISAXS measurements— clear evidence that the film
transitioned to a BCC spherical morphology in the swol-
len state, which was then kinetically trapped and de-
formed in the vertical direction to an FCO spherical
morphology upon drying. In the dried state, the FCO
lattice constant perpendicular to the substrate is found
to be 16.5 nm, indicating that it has been reduced to
42% of the original value (38.9 nm) in the BCC phase of
the swollen film. Further explanation of the analysis of
these data may be found in the Supporting Information.

The effects of solvent annealing can be visualized
in a xN versus f, s phase diagram, where x is the
Flory—Huggins interaction parameter, N is the degree
of polymerization, and f;_ s is the volume fraction of
PaMS in the block copolymer (Figure 2¢).>'° A good
solvent for both copolymer blocks (such as THF) is uni-
formly incorporated by the polymer film and imparts
chain mobility by acting as a plasticizer. Such behavior
is comparable to a downward vertical shift in xN as
foums r€Mains constant. Acetone annealing involves
the additional variable of preferential solubility PHOST
(over PaMS) in the solvent. An affinity of the solvent for
one block changes the volume ratio of the two copoly-
mer blocks comprising the film, such that swelling in a
selective solvent changes not just the vertical position
in the xN versus f, s phase diagram but the horizon-
tal position, as well. In this case, the majority compo-
nent (PHOST) swells more, causing an order—order
transition from cylindrical to spherical morphology as
the increased PHOST volume changes the diblock co-
polymer volume fraction of the swollen state so that it
assumes the BCC-packed structure. This state remains
trapped in the spherical morphology upon rapid dry-
ing, though it changes to an FCO lattice when the film
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Figure 3. Scanning electron micrograph of photolitho-
graphic patterns of PaMS-b-PHOST. Films containing TPST
photoacid generator and TMMGU cross-linker were exposed
(a) as-spun, and (b) after THF solvent annealing. Dark re-
gions are lines of cross-linked polymer left behind after post-
exposure bake and development in solvent.

shrinks. Previous experiments on other block copoly-
mer systems have reported the collapse of spherical
morphology to a perpendicularly oriented cylindrical
phase upon evaporation of a selective solvent®'° in
contrast to our observations of PaMS-b-PHOST via
GISAXS. This unidirectional contraction of a BCC lattice
into an FCO lattice has been observed elsewhere in the
case of a Pluronics surfactant upon evaporation of wa-
ter vapor.®

Effect of Solvent on Photoresist Behavior. Thephotoresist
properties of PaMS-b-PHOST do not alter or interfere
with the self-assembly of PaMS-b-PHOST polymer films
in solvent vapor. The photoacid generator triphenylsul-
fonium trifluoromethanesulfonate (TPST) and the cross-
linker 1,3,4,6-tetrakis(methoxymethyl)glycoluril (TM-
MGU), in quantities 5% w/w or less, are both necessary
for the PaMS-b-PHOST to function as a resist.” These
small quantities have no discernible affect on ordering

A B

via solvent annealing, as long as the film is not ex-
posed to UV light during the assembly process. Further-
more, the solvent-vapor-assisted self-assembly process
does not affect PaMS-b-PHOST performance as a UV
photoresist when tested in the thicker films. Solvent-
annealed films (Figure 3b) containing small amounts of
TPST and TMMGU (less than 5% w/w, relative to the
polymer) show virtually identical cross-linking behavior
to films not exposed to solvent vapor (Figure 3a). The
photopatterns were exposed in both as-spun and THF-
annealed PaMS-b-PHOST films using 248 nm light, a
post exposure bake of 115 °C for 60 s (insufficient time
for significant PaMS damage), and mixed solvent devel-
opment with cyclohexanone and isopropanol (1:2 v/v),
and the pattern resolution is nearly identical. PaMS-b-
PHOST films annealed in acetone (not shown) have
similar lithographic resolution. This indicates that the
photoacid generator and cross-linker do not selectively
partition into the PaMS phase in either of the solvent-
annealed films, just as it does not in the as-spun films.
Graphoepitaxy. High-resolution lithography applica-
tions of self-assembled diblock copolymer films
would ultimately require both polymer domain reg-
istration and ordering, and we have demonstrated
registration of PaMS-b-PHOST films to topographic
features by solvent annealing. For our experiments,
we prepared 30 nm deep topographic features in
silicon dioxide (SiO,) using conventional deep UV li-
thography and plasma etching techniques.®® We
pretreat the patterned SiO, substrates with a PS
brush prior to PaMS-b-PHOST deposition in order
to achieve preferential wetting by the PaMS minor-
ity block,?'? as the minority block must preferen-
tially wet the substrate in order to avoid pinning ef-
fects.>® The same solution and spin speed that
formed 16 nm thick films on flat substrates were
used here. We observe registration of parallel-
oriented cylinder domains upon annealing in THF
(Figure 4a), while films deposited on untreated sili-
con oxide do not self-align to the patterned sub-
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Figure 4. Self-aligned PaMS-b-PHOST patterns on lithographically patterned substrates. (a) On PS brush-treated substrates,

annealing in THF leads to self-aligned parallel cylinder domains. (b) On SiO, substrates without PS brush treatment, annealing
in THF does not lead to pattern registration. (c) On SiO, substrates without PS brush treatment, annealing in acetone leads to

aligned hexagonal dot pattern. In SEM images, darker regions are the PaMS phase.
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Figure 5. Time evolution of acetone anneal of aligned cylinder
pattern on PS-treated substrate: (a) prior to acetone anneal; (b)
3 h acetone anneal; (c) 3.5 h acetone anneal; (d) 5 h acetone
anneal.

strate upon THF annealing (Figure 4b). Sufficient
contrast for SEM imaging is achieved by partial de-
velopment of PaMS for SEM imaging; in the case of
THF-annealed films, films are briefly exposed to a
gentle oxygen plasma,?®> while acetone-annealed
films need only to be heated briefly. Cross-sectional
SEM revealed film thicknesses of 20 nm within
trenches, consistent with a single-morphology thick-
ness. We have achieved defect-free domain align-
ment of parallel cylinders with 23 nm pitch across
trench widths of 840 nm. As the figure shows, the 37
cylindrical domains run distances of over 2 um with-
out defects.

Solvent annealing PaMS-b-PHOST in acetone
rather than THF results in aligned hexagonal arrays
of dots (Figure 4c). We observe this alignment re-
gardless of substrate treatment, that is, for both na-
tive SiO, (PHOST preferential surface) and for PS-
treated (PaMS preferential) substrates. Figure 4c

METHODS

Synthesis. Poly(c-methylstyrene)-block-poly(tert-butoxystyrene),
PaMS-b-PtBuOS, was synthesized via sequential anionic polymeri-
zation and subsequently deprotected to form PaMS-b-PHOST, as
described elsewhere.? GPC indicates a total number average mo-
lecular weight of PaMS-b-PtBuOS of 28 kg/mol, 25% by mass
PaMS, and with M,,/M,, 1.10. Thus, deprotected PaMS-b-PHOST
has M,, of 21 kg/mol, 33% PaMS. Complete deprotection was con-
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shows registration of self-assembled patterns to a
lithographically patterned (and untreated) SiO,
trench after acetone annealing, and we have ob-
served similar results for patterned substrates
treated with PS brushes. We measure the sphere
center-to-center spacing to be 23 nm via SEM.

Sequential annealing of aligned PaMS-b-PHOST
films first in nonpreferential (THF) and then preferen-
tial (acetone) solvents allows us to switch from parallel
cylinder to spherical morphology, a useful experimental
lever for observing the process by which the transition
takes place. We have observed by SEM the time evolu-
tion of the order—order transition to spherical morphol-
ogy by acetone annealing an aligned film with parallel
cylinder orientation. The initial sample contains ori-
ented parallel cylinder domains spanning a 175 nm
wide trench treated with a PS brush (Figure 5a). At in-
termediate anneal times during the transition, we ob-
serve mixed morphology of lines and dots, further sup-
porting that an order—order transition from, in this
case, parallel cylindrical to spherical morphology oc-
curs in the swollen film. After 3 h of acetone anneal-
ing, independent spheres have begun to form within
the trench-aligned pattern (Figure 5b). Note that, in the
thinner film areas outside the lithographic trench, com-
plete morphology changes are already completed. Af-
ter 3.5 h of annealing, patches of spheres disrupt the
parallel cylinders (Figure 5c), and after 5 h of anneal-
ing, we observe complete hexagonal packing of
spheres within the trench region (Figure 5d).

CONCLUSIONS

We have demonstrated for the first time control of
self-assembly in registration with predefined structures
and with choice of morphology in PaMS-b-PHOST
diblock copolymer films, a material well-suited to appli-
cations because of its patternability by both litho-
graphic and self-assembly approaches. The control pro-
vided by reversible solvent annealing processes allows
us a window to understanding the fundamental mech-
anisms of morphology change—in this case, a transi-
tion from cylindrical to a trapped spherical phase. The
demonstration of development of long-range ordering
and control of morphology by solvent annealing in
combination with the precise orientation of grains via
graphoepitaxy are the critical steps needed for applica-
tion to device fabrication.

firmed by FTIR. Polystyrene for surface treatment was synthesized
via nitroxide-mediated controlled free radical polymerization using
TEMPO (2,2,6,6-tetramethylpiperidine 1-oxyl, Aldrich) and benzoyl
peroxide (Aldrich) under nitrogen without subsequent removal of
the nitroxide end group.>* The resulting polymer samples have M,,
12.7 kg/mol and M,,/M,, 1.30 according to GPC.
Film Preparation. Solutions of 1 and 5% (w/v) PaMS-b-PHOST

in PGMEA (Aldrich) were spin-coated onto silicon wafers with na-
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tive oxide or onto silicon oxide substrates with 30 nm deep pat-
terns prepared by lithography and etching techniques. Brush
treatment consists of a 1% (w/v) solution of polystyrene spin-
coated and baked at 195 °C for 2.5 h. Inmediately before spin
coating with PaMS-b-PHOST, excess PS was removed by rinsing
with toluene. Solvent vapor treatment with THF or acetone was
carried out in a closed jar containing a solvent reservoir. Times
for solvent annealing leading to the most ordered films were de-
termined for each solvent and for both thick and thin film thick-
nesses. Films annealed in THF require partial development for
both AFM and SEM imaging; this is acheved by treatment with
an oxygen plasma etch, for 9 s at 50 W, 100 mTorr, and 30 sccm
oxygen using a PlasmaTherm 72 reactive ion etcher. For imaging
as-spun and acetone-annealed films by SEM, partial removal of
the PaMS block is achieved by heating in a vacuum oven at 165
°C for 30 min and is sufficient, though the brief oxygen plasma
etch is also sufficient; for these films, no special treatment is re-
quired for AFM imaging.

The photoacid generator TPST (Aldrich) and the cross-linker
TMMGU (“Powderlink 1174,” Cytec Industries) were added to
the 5% polymer solution in amounts of 5% or less (w/w) rela-
tive to the polymer. Films were spin-coated and solvent-
annealed, and exposures were made through a quartz mask us-
ing a Hybrid Technology Group system IlI-HR contact mask
aligner with deep UV exposure.

Characterization. GPC of THF solutions of polymers (1 mg/mL)
was carried out using four Waters Styragel HT columns operat-
ing at 40 °C and Waters 490 ultraviolet (254 nm wavelength) and
Waters 410 refractive index detectors. Scanning electron micros-
copy is performed on a LEO 1550 FE-SEM, and atomic force mi-
croscopy is performed on a Veeco Dimension 3100. Differential
scanning calorimetry was performed on a TA Instruments Q1000.
Ellipsometry was performed on a Woollam M-2000, and profilo-
metry was performed on scored films using a Tencor P-10 Sur-
face Profiler. The grazing incidence small-angle X-ray scattering
(GISAXS) image in this paper was taken at the G1 line at the Cor-
nell High Energy Synchrotron Source (CHESS). Additional GISAXS
has been performed at the D1 beamline at CHESS and at beam-
line 8-ID-E of the Advanced Photon Source.
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