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ABSTRACT: It is well-known that block copolymer thin films can be easily prepared on different substrates by
spin coating. Here, we show that the cylindrical microdomains of polystybguay(4-vinylpyridine) (PSk-

P4VP) copolymers can be oriented normal to the surface over a large area by spin coating in toluene/THF solvent
mixture. The structure and size of the B$4VP in solution were compared with those in thin films. It was
found that the cylindrical microdomains, obtained by spin coating, oriented normal to the film surface depended
strongly on the amount of THF in the casting solution. The study was extendedidPR8P copolymers with
different molecular weights and compositions, which allowed the control of the size of the cylindrical domains
and the areal density of the arrays.

Introduction Scheme 1. Schematic lllustration of Morphological Transition
. . . L from Spherical Micelle in Solution to Cylindrical Microdomains
Diblock copolymers, comprised of two chemically distinct Oriented Normal to the Film Surface after Spin Coating.

chains covalently linked at one end, self-assemble into well-

ordered morphologies ranging from spheres to cylinders to

lamellae depending upon the volume fractions of the blocks.

The immiscibility of the blocks, coupled with the connectivity ,
of the blocks, leads to the formation of domains tens of

nanometer in size, called microdomaisThe self-assembling

nature of block copolymers makes them attractive candidates

as templates and scaffolds for the fabrication of nanodots and Spherical Micelles Perpendicular Orientation
nanowired 5 as well as for pattern transfer to the underlying in Solution after Spin-coating
substraté8 Controlling the orientation and lateral ordering of

the microdomains is key to many applications. To achieve an of the volume fraction of toluene in the mixed solvent by
orientation of cyllndrl_cal microdomains normal to a surface, scanning force microscopy (SFM) and grazing incidence small-
for example, strategies have been developed to overcomeangle X-ray scattering (GISAXS). It was found that the
preferential interactions of the blocks with the substrate, which morphology formed by spin coating was strongly dependent
forces an orientation of the microdomains parallel to the upon the solvent used due to the rate of solvent evaporation
substrate. Several approaches have been developed, includingind the solubility of the blocks. Studies were performed as a
balancing interfacial interactich,'® electric fields* chemically function of the molecular weight of the RSP4VP and the
patterned substraté% graphoepitaxy?® and epitaxial crystal-  composition of the copolymer, which allowed control over the

lization!” Alternatively, copolymers can be trapped in a size of the cylindrical microdomains and the areal density of
nonequilibrium state with the desired orientation by the use of arrays.

appropriate casting solvents or solvents in which the polymer

swells!®20 Recently, a process to generate cylindrical micro- Experimental Section
domains oriented normal to a film surface by spin coating a
solution %f polystyrgnda—poly(ethyleneOXIde) (PS'F.‘EO) was Source) were used without further purification in this experiment.
reportecﬁ In addition t(,) the Contrql of the .m|crodoma|n The molecular weights and polydispersity are listed in Table 1.
orientation, lateral ordering of the microdomains can also be psy.pavp copolymers were dissolved in toluene/THF mixtures

achieved by solvent annealing. Recently, arrays of hexagonally having different volume ratios of toluene and THF at“Ifor 2
packed poly(L-lactide) (PLLA) cylindrical microdomains ina h and cooled to room temperature to yield 0.5 wt % polymer

Materials. Four PSb-P4VP diblock copolymers (Polymer

polystyrene (PS) matrix were obtained in polystyrérgely- solutions. P$-P4VP thin films were spin coated onto silicon
(L-lactide) (PSb-PLLA) thin films by spin-coating solutions  substrates at 2000 rpm for 60 s.
of the copolymer in an appropriate solvéht. Characterization of PSb-P4VP in Solution. The molecular size

Here, we report that by spin-coating films of polystyrdme- ~ 0f PSb-P4VP in 0.5 wt % solutions was measured by dynamic
poly(4-vinyl pyridine) (PSa-P4VP) copolymer from a toluene/ Ilght_ scattering (DLS). Light scattering experiments were carried
THF mixed solvent cylindrical microdomains oriented normal Oﬁ;'%f;‘;ﬁ?:r}]z:g’ ﬁg?etogggfézg':u:ﬂve:; rxt(\t/uﬁﬁtaef%? ed
to the substrate can be achieved over a large area as illustrate P g quipp

. . I . ith an ALV/SP-125 precision goniometer (ALV-Laser Vertrieb-
in Scheme 1. Studies were performed on thin films as a function sgessellschaft m.b.H.), an Innova 70 argon laggr(514.5 nm

max power 3 W, Coherent) operated at 300 mW, and a photomul-

*To whom correspondence should be addressed. Email: russell@ tiplier detector (Thorn EMI Electron Tubes). All samples were
mail.pse.umass.edu. Phone: 413-545-2680. Fax: 413-577-1510. systematically studied at a scattering angle ¢f. 8bme solutions
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Table 1. Molecular Characteristics of PSb-P4VP Diblock

Copolymers 1
PSM, P4VPM, S4VP69K
sample code (kg/mol) (kg/mol) Mw/Mp d=36.4nm
S4VP69K 47.6 20.9 1.14
S4VP32K 25.0 7.0 1.07
S4VP27K 11.8 15.0 1.04 S4VP32K
S4VP25K 19.6 5.1 1.08

d=30.1nm

/ B

were also studied at different scattering angles for static light —~ |i YA (1-)
scattering (SLS). The temperature of the sample cell was maintained 3 [ I
within 0.1 °C at 25°C by circulating water around the toluene LA /\ S4VP27K
bath from a bath/circulator (NESLAB, RTE-111). The polymer = I d=27.0nm
solutions were prefiltered several times through Millipore Qb o { \ ' (C)
PTFE filters. Usually, no significant loss of concentration was o ’ e
detected due to filtering. -l l 1

Characterization of Morphology in Bulk and Thin Films. ¢ S4VP25K
Bulk samples were prepared by drop casting 5 wt % chloroform ',' d=18.4nm (D)

solutions onto a Kapton film. The samples were annealed at
170°C for 24 h after drying in air fo6 h and then left in a vacuum
oven fa 6 h at 50°C and then slowly cooled to room temperature.
Small angle X-ray scattering (SAXS) measurements were done ]
under vacuum using an Osmic MaxFlux X-ray (CaKL.54 A)
source with a Molecular Metrology camera consisting of a three-
pinhole collimation system, 120 cm sample-to-detector distance
(calibrated using silver behenate), and a two-dimensional, multiwire
proportional detector (Molecular Metrology). T T T T

T T T

I
0.06

The surface topography of ASP4VP thin films on a silicon 0.02 0.04 0.08 0.10
wafer was imaged by SFM (Digital Instruments, Nanoscope 1) in 4
the tapping mode. The film thickness was measured by ellipsometry. q (A )

To characterize the structure of spin-coatedtP34VP thin films, Figure 1. SAXS profiles of four different P®-P4VP samples in bulk.
grazing incidence small-angle X-ray scattering (GISAXS) measure- All samples were annealed at 170 for 1 day. (A) hexagonally packed
ments were performed at beamline X22B (National Synchrotron cylinder, (B) hexagonally packed cylinder, (C) lamellae, and (D)
Light Source, Brookhaven National Laboratory) using X-rays with hexagonally packed cylinder.

a wavelength ofl = 1.525 A. The exposure time was 15 s per

frame. A

(B)
90

0.9 = Diameter in Solution

o Diameter in Dry State

@
o
1

Results and Discussion

~
o
L

SAXS was used to study the microphase separation of PS-
b-P4VP samples in bulk. Figure 1 shows the SAXS intensity
as a function of scattering vector of four different molecular
weight PSb-P4VP samples. The scattering peak in SAXS yields
the d spacing and microdomain structures as shown in Figure
1. The scattering profiles of S4VP69K, S4VP32K, and S4VP25K
show hexagonally packed cylinders, as evidenced by the higher
order scattering peaks appearing at a scattering vectef3of
times relative to the position of the first-order reflectfom
the case of S4VP25K copolymer, TEM was used to confirm
the hexagonally packed cylinders due to the absence of the
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higher order reflections in the SAXS profile. The SAXS profile
of S4VP27K shows scattering maxima at integral multiples of
the first-order scattering peak, which indicate a lamellar
microdomain morphology.The scattering peak intensities of
the even-order reflections are weak, since the volume fraction
of S4VP27K is nearly equal.

In addition to the microphase separation in bulk, the size and
structure of the P$-P4VP in solution were studied by DLS

t/ps THF composition (%)

Figure 2. Hydrodynamic radius of S4VP69K measured from a variety
of polymer solutions. (A) Intensity correlation functions of B£4VP
solutions with different Toluene/THF compositions at 0.5 wt %
concentrations and a scattering angle of.9B) Hydrodynamic
diameter in solution (closed square) and in a dry state (open square)
measured from SFM.

the S4VP69K sample in pure toluene was calculated, while the

and SLS. The DLS autocorrelation functions were measured in radius of gyrationRy = 26.0 nm) was obtained from SLS. The
different PSb-P4VP solutions where the fractions of toluene ratio P = Ry/R; is a sensitive fingerprint of the inner density
and THF were varied. Typical results are shown in Figure 2A. profile. A value ofP = 26.0 nm/39.4 nm= 0.66 is in the range
The autocorrelation functions are shifted to the right (increase for spherical structuresR{/R, < 0.774)?2 The autocorrelation

in the relaxation times) with increasing volume fraction of functions of the other polymer solutions except for the one in
toluene. Since toluene is a good solvent for the PS block and apure THF are similar to that of the pure toluene solution, which
nonsolvent for the P4VP block, the RSR4VP diblock copoly- means that the micelle sizes and shapes are not much different.
mers form micelles with the P4VP insoluble block in the core The polydispersities of the micelles are in the range 6M03,

and the PS soluble blocks in the corona. From the autocorre-indicating a narrow micelle size distribution for all the samples
lation function, the hydrodynamic radiu®{= 39.4 nm) of investigated. Figure 2B shows the hydrodynamic diameters of
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Figure 3. SFM images (height modes) of S4VP69K (472).9 k) developed in different casting solutions: (A) pure toluene, (B) tolueneAFHF
99/1, (C) toluene/THF= 95/5, (D) toluene/THF= 90/10, (E) toluene/THFE= 85/15, (F) toluene/THR= 80/20, (G) toluene/THE= 70/30, (H)
toluene/THF= 60/40, (I) toluene/THR= 50/50, (J) toluene/THE 40/60, (K) toluene/THF= 30/70, and (L) pure THF. All solvent compositions
are expressed in volume percentage (v/v). Scale bar is 200 nm.

nine different PS-P4VP solutions calculated from the auto- increase in THF, a transformation of morphology from dimple-
correlation function in Figure 2A. When the volume fraction type structure to cylinders oriented normal to the surface
of THF increases, the size of micelles gradually decreased excepbccurred. Figure 3F shows a thin film morphology consisting
for that in pure THF. For the pure THF solution, the autocor- of arrays of hexagonally packed P4VP microdomains oriented
relation function is far from those of other polymer solutions. normal to the surface in a PS matrix. The SFM image measured
The R, value of THF polymer solution is 6.0 nm, which is in the phase mode shows the harder material, the P4VP blocks,
consistent with the size of a random coil of PS of the same as brighter color, while the PS matrix is dark (see Supporting
molecular weigh®2 It is interesting to note that the micelle size Information, Figure S1). After the film was floated on a HF
decreases with increasing THF composition; this is because THFbuffer (5 wt %) solution, it was transferred onto a silicon wafer
is a less selective solvent for PS than toluene. The micelle sizeso that both the top and the bottom of the film could be
in solution is about 2 times larger than the size of the structures examined. Both the top and the bottom of the film showed a
seen in films, as shown in Figure 2B. The two different sizes hexagonal array of cylindrical microdomains, indicating that the
can be explained by the presence of solvent; the corona of themicrodomains spanned the entire film (see Supporting Informa-
micelles in solution is in contact with the solvent and is, tion, Figure S1).

therefore, swollen and hence the larger size. Increasing the THF content in the solvent mixture to 60%
To compare the structure or aggregation of iPB4VP in shows a similar morphology, though the size of the micro-
solution with the structure seen in thin films, the films were domains had decreased. In polymer solutions containing 70%

spin coated at 2000 rpm from 0.5 wt % solutions of IRB4VP THF, cylindrical microdomains oriented both normal to and

in toluene, THF, and toluene/THF mixture onto silicon wafers. parallel to the surface were seen as shown in Figure 3K. In
Figure 3 shows the morphologies in thin films obtained from pure THF, a wormlike morphology was seen.

12 different S4VP69K polymer solutions where the concentra-  The orientation of the microdomains normal to the surface
tion of the toluene/THF mixtures ranged from pure toluene to can be attributed to the solvent evaporation and the solubility
pure THF. All samples were dried in vacuum overnight at of the constituted blocks. With toluene and THF, the selectivity
30 °C before SFM measurements. The film thickness of the of the solvent for P®-P4VP can be described by the equation
PSh-P4VP casting from pure toluene solution was 23.5 nm y = yuy + xs = Vi(6i — 6;)%RT + 0.34, whereV is the molar
while that from pure THF solution was 24.5 nm. It should be volume andd is the solubility parameter for solvemtand
noted that there is only 1 nm thickness difference between the polymerj.2* The solubility parameters of PS and P4VP are 18.6
two extreme conditions. Dimple-type structures (dried micelles) (MPaf->and 22.2 (MP&)%, respectively?> For a polymer to be
were observed from polymer solutions in THF/toluene (15/85 soluble in a solvent at a particular temperatyreust be below
v/v) mixtures as shown in Figure 3AE. However, when the 0.5 even at high levels of polymer concentration in solution.
concentration of the solvent was changed to 20/80, only a 5% On the basis of this evaluation, toluene and THF are defined as
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Table 2. The Selectivity and Vapor Pressure of Solvents toluene/THF mixture (20/80) vapor for 12 h to induce mobility
molar vol Ssolvnet vp and allow microphase separation to occur undgré control
solvent  (cm®mol)  xps-sovent XPavP-solvent (MPaPs (mmHg) the solvent vapor treatment process, the samples were kept at a
toluene 106.9 0.37 1.03 18.2 285 constant temperature (2&) in a small vessel having solvent
THF 81.7 0.35 0.6 19.4 176 bubbling equipment. After solvent annealing, highly oriented
. ) i PSbh-P4VP cylinders can be obtained without any significant
being PS selective solvents, sing-sovent < 0.5 andypave-sovent changes in the size of the microdomains, as shown in Figure

> 0.5. From the calculation of interaction parameters, we can 4p_ |n contrast to the microdomain size in bulk, the center-
conclude that toluene is a more selective solvent for PS than;_center distance (348 1.8 nm) of S4VP27K film is larger
THF. Details of the selectivity and the vapor pressure for the (41 that of S4AVP32K (32.8 1.4 nm), since the micelle size
solvents are listed in Table 2. PS selective solvents having two;, ¢oution depends upon the molecular weight of the P4VP
different vapor pressures at ambient temperature were used fot,0 <22 | the inset of Figure 4BF, the separation distance
spin coating. We Qbsgrved t_he morphologi_cal_transitipn from a between cylindrical microdomains v,vas compared. It should be
dimple type to cylindrical microdomains with increasing THF noted that the size of the microdomains obtained in spin-coated
concentration or as the solvent became less selective for PS. I, - i strongly affected by the size of the micelles in polymer

addition, the evaporation qf THF is faster than _to_luene. solution and cylindrical microdomains are obtained immediately
Consequently, the combination of these two (selectivity and . :

. . N after spin coating.
evaporation rate) has induced the transformation in the morphol- _ _
ogy to cylindrical microdomains oriented normal to the film  GISAXS was used to investigate the morphology of the PS-
surface. In addition, the solvent imparts substantial mobility to P-P4VP and the orientation within the samples, as shown in
the copolymer which enhances lateral order. The morphologies Figure 4D-F. Figure 5 shows the GISAXS patterns measured
obtained upon evaporation of the solvent are, of course, trappedabove the critical angleo(= 0.18’) of polymer @ = 0.16’).

in a nonequilibrium state, and heating the film above Tge When the incidence angle was set above the critical angle of
of the microdomains will lead to films having cylindrical the polymer (0.16) but below the critical angle for Si (0.2
microdomains oriented parallel to the surfa@é.21 it allowed the X-rays to penetrate through the polymer film and

We extended this idea to other BSR4AVP samples having  to be totally reflected at the Si interface thereby enhancing the
different molecular weights and volume fractions of components. scattering from the polymer film in comparison to measurements
Figure 4 shows the SFM images of these samples after spindone below the critical angle of the polymer. Figure-5a8
coating and solvent annealing in toluene/THF solvent mixtures. shows GISAXS characteristics of REP4VP cylindrical mi-
When PSk-P4VP copolymers were spin coated from a toluene/ crodomains highly oriented normal to the film surface as
THF (80/20 v/v) solvent mixture onto silicon substrate, the evidenced by the extension of the scattering alongjrection.
microdomains of all thin films were oriented normal to the film This “Bragg rod” scattering arises from a truncation of the
surface, as shown in Figure 4. The films were exposed to cylindrical domains at the surface. In the intensity of scattering

(A) (B) (C)
(D) (E) (F)

Figure 4. SFM images of as-spun (AC) and solvent annealed () PSh-P4VP films with different molecular weights and volume fractions
(height mode, km x 1 um). (A,D) S4VP25K, (B,E) S4VP32K, and (C,F) S4VP27K. The cylindrical microdomains of all thin films are oriented
normal to the film surface.
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Figure 5. GISAXS patterns of three different R8P4VP thin films:

(A) S4VP32K, (B) S4VP27K, and (C) S4VP25K. (D) Intensity of
scattering as a function of, @f the GISAXS patterns in the left-hand
side. GISAXS patterns show the structure of highly orientedbPS-
P4VP cylindrical microdomains with perpendicular orientation as
evidenced by the extension of the scattering alondirgction.

0.2 04

as a function of g the characteristic in-plane density variation
is shown in Figure 5D. The values of gorresponding to the

Preparation of Vertically Oriented Cylindrical Microdomain8063

Sciences (DE-FG02-96ER45612). S.P. was supported by the
Korea Research Foundation Grant funded by the Korean
Government (KRF-2006-214-D00047). We thank Dr. B. M.
Ocko for assistance with the GISAXS on beamline X22B at
the National Synchrotron Light Source, Brookhaven National
laboratory, which is supported by the US Department of Energy,
Basic Energy Sciences (DE-AC02-98CH10886). We also thank
D. A. Hoagland and J. Harner for assistance with the LS
measurements.

Supporting Information Available: SFM images of as-spun
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at http://pubs.acs.org.
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