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Introduction
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block copolymers, the classical approach to control the orienta-
tion of PStb-PMMA systems is to introduce an ultrathin random
copolymer neutralization layer in a secondary proééss.This
neutralization layer is not required for poly(ethylene oxide)
(PEO)-based block copolymer systems where the morphologies
and orientation of the thin films are controlled and greatly
affected by the relative humidity during a solvent annealing
process, though removal of the PEO domain is diffiétrg8

In this case, it was found that interaction between the water
vapor in the atmosphere and the PEO domains leads to lateral
ordering of the PEO microdomains, and application of this
process to PSt-PMMA systems did not lead to orientation. In
this paper, we demonstrate a novel method to control the
orientation of PS-PMMA block copolymer thin films using
hydrophilic nanoparticles without the need for a neutralization
layer, greatly improving the processability of ASRMMA
systems. By incorporating “hydrophilic” PEO-coated nano-
particles into poly(styrenb-methyl methacrylate) (Pt
PMMA) diblock copolymers, the ordering of PBtPMMA thin

films can be effectively controlled in a manner similar to the

The spatial arrangement of nanostructures such as inorganicPEQ-based block copolymer while retaining the degradability

nanoparticles in a host matrix or domains in block copolymer

of the PMMA domains. In addition, the effect of hydrophilic

thin films has been extensively studied due to their potential PEO-coated Au particles on the domain size and its homogeneity

applications in diverse fields ranging from block copolymer
lithography to advanced catalysts and solar deff$.The key

of PMMA cylinders within a PS domain is demonstrated while
the nanoparticle itself holds promise for introducing secondary

issue in all of these systems is to control the orientation and functionality such as etch resistance into the films.

location of either the nanoparticles or polymeric domains. In

terms of nanoparticles, Balazs and co-workers have recently Experimental Section

suggested that the nanopatrticle position can be simply controlled

by the ratiod/L, whered is the particle size and is the size of
block copolymer domaif.” Whend/L > 0.3, they predict that

Materials. Poly(styrenes-methyl methacrylate) (PS=PMMA)
diblock copolymer, showing a cylindrical microstructure, was
synthesized via living anionic polymerization. The overall molecular

the particles are localized around the center of domain due to\yeight, 140 kg/mol, and polydispersity, 1.06, were measured from
the chain stretching penalty, while the particles move outward size exclusion chromatography (SEC), using refractive index and
to the interface whed/L becomes smaller. Several experimental photodiode array detectors (Waters), and the block composition was
approaches have been developed to confirm this predi&tidn,  determined fromtH NMR using a Bruker 200 MHz spectrometer.
and more recent work has examined the effect of chemistry PEO-coated gold nanoparticles (Au-PEQ) were synthesized as
where the surface of nanoparticle is tuned to allow favorable follows: Initially, thiol end-functional PEO (PEO-SH, Polymer

interactions between nanoparticles and block copolymers, which Source,M, = 2 kg/mol) and gold precursors (HAuglwere
in turn allows their location to be influencéd:14 dissolved into dry THF and mixed for 15 min under a nitrogen

- ; ; ; ; 9 Gold nanoparticles were synthesized by adding a
In addition to controlling the location of the nanoparticles, it atmospheré par Sy 2€d Dy 9
would be highly desirable if the nanoparticles could also play reducing agent, superhydride (1.0 M Lit&)sBH in THF from

o . . .7 Sigma-Aldrich) dropwise under nitrogen. The addition of the
an “active” role in the self-assembly process, such as directing reducing agent was continued dropwise until no more gas was

the morphology and orientation of microstructures. In this gylved. The polymer-coated gold nanoparticles were then separated
regards, pioneering work has been performed by Emrick and from “free” PEO-SH by membrane filtration (MWCO 30 000 Da,
Russell*> where incorporation of cadmium selenide nano- Millipore, Inc.) using dimethylformamide (DMF) as solvent. Finally,
particles into block copolymer thin films can mediate interfacial the PEO-coated gold nanoparticles (Au-PEQO) were redispersed in
interactions and control the orientation of microdomains. More methanol and washed by membrane filtration three times.
recently, Kim showed that stable bicontinuous morphologies  Thin Film Preparation. Solutions of the PSh-PMMA block

with nanoscale dimensions can be fabricated by the addition of copolymer (1 wt %) were prepared in benzene with various amounts
“neutral” nanoparticles which are directed to and stabilize the of the Au-PEO nanoparticles added (from O to 10 wt % relative to

interface between diblock copolyméfs.
This growing importance of block copolymer orientation is
also exemplified and highlighted by the IBM announcement of

large-scale manufacturing of devices incorporating air gaps

fabricated using PSt-PMMA block copolymer templates. For

block copolymer). Solutions were then spin-coated onto silicon
substrates, and the film thickness was maintaine¢4Q nm for

all samples. These films were annealed under saturated benzene
vapor under the controlled humidity condition. The whole annealing
process was performed in a home-built glovebox chamber at room
temperature, as described elsewttére.

The whole glovebox chamber was continually flushed with
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(~50°C). The relative humidity in the chamber was controlled by
admixing dry air or adjusting the water temperature. Once the
desired humidity condition was reachedd0% in this work unless
otherwise specified), it was maintained constant throughout the
whole process. Inside the glovebox chamber, there is the much
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Figure 1. Graphical representation of the blending approach to the preparation of Au-PEO nanopBSidlePMMA hybrid thin films after
solvent annealing under controlled humidity conditions.

smaller sealed inner chamber, an upside-down glass container on In selecting an “external” hydrophilic moiety, PEO-coated
an larger glass Petri dish, under saturated benzene vapor whergyold nanoparticles (Au-PEO) were initially chosen because the
the relative humidity is initially the same as in the much larger aAy-PEO nanoparticle diameter can be readily tuned in the sub-
outer chamber. The films were annealed for at least 12 h, and thenlo nm range, which allows these Au-PEO particles to be
the upside-down glass container was simply removed from the Petri integrated into the block copolymer microdomains. Additionally,
dish inside the much larger glovebox, thus allowing the benzene ; ) ) o .
the inorganic Au core allows facile determination of the location

in the swollen films to evaporate under a given humidity condition. fth icles b W14 po hl id q
Characterization. After solvent annealing, the surface morphol- of the nanoparticles by TEM:" Poly(ethylene oxide)-coate

ogies of thin films were characterized by scanning force microscopy AU nanoparticles were therefore incorporated into poly(styrene-
(SFM) in noncontact mode. The SFM employed an etched n-type b-methyl methacrylate) (P3+PMMA) diblock copolymers

Si tip on a cantilever (ACTA, Applied NanoStructures) with a exhibiting a morphology consisting of cylindrical microdomains
resonance frequency of 300 kHz and spring constant ranging from of PMMA in PSt. In this case, the PEO chains in Au-PEO are
25 to 75 N/m. The backside of the cantilever was coated with 30 miscible with PMMA block in PSt-PMMA and have a strong
nm thick Al. SEM images of the films were taken after UV repylsive interaction with the PSt block. Therefore, the Au-

irradiation, followed by a treatment with acetic acid and deionized pgq nanoparticle should be selectively positioned within the
water. The films were then coated with platinum by using ion PMMA domain if the particle size of Au-PEO is in the

sputtering, and the SEM was operated at 15 keV (Hitachi S-4300). . . . - .
For the TEM measurements, thin films were separated from the aF?p,rOp”ate range. F|gur§ 1 |IIustr6}teS graphlcally .the .faC|Ie
silicon oxide substrates by using 6:1 buffered oxide etchant (J.T. Mixing process for formation of hybrid orgaritorganic thin
Baker). The films were floated on deionized water and transferred films where the volume fractions of Au-PEO nanoparticles with
to carbon-coated copper mesh grids for TEM. The images were respect to PS-PMMA can be easily controlled and varied from
then obtained using a FEI Tecnai G2 microscope operating at 2000.6 to 6.5%. To exclude any effect of film thickness on the
keV without staining. ordering, the film thickness was kept constant-&0 nm for
Weight fractions of the Au core and PEO ligands were measured all samples examined in this study. The resulting films were
by thermal gravimetric analysis (TGA). Using the density of PEO gnnealed under a saturated benzene vapor with controlled
(~1.2 g/cnd) and the density of the Au core-(9.3 g/cni), the humidity (~90%) in an effort to obtain an overall cylindrical

weight fractions of Au-PEO particles were converted into volume S " )
fractions. Au-PEO nanoparticle weight fractions of 1, 3, 5, 7, and nm;r:ggglggéghwh is not affected by addition of the Au-PEQ

10 wt % correspond to Au-PEO nanoparticle volume fractions of

0.6, 1.9, 3.2, 4.5, and 6.5 vol %, respectively. The Au-PEO nanoparticles synthesized had a Au core
diameter of 4.0+ 1.0 nm and an overall diameter of 1047
Results and Discussion 2.5 nm and were mixed with P8PMMA diblock copolymers
In examining the performance of PBPMMA block co- having an overall molecular weight of 140 kg/mol. On initial

polymers as templates for lithographic applications, a significant SPin-casting it was found that the majority of Au-PEO nano-
challenge is the long-range lateral ordering of the system and Particles were selectively positioned within the PMMA domains.
the requirement for a random copolymer neutralization layer. The thin film morphology was investigated in detail after solvent
To overcome these challenges, it has recently been demonstrate@nnealing under controlled humidity-00%). Parts a and b of
that diblock/triblock copolymer films based on poly(styreme- ~ Figure 2 represent the SFM images of surface structures when
ethylene oxide) (PSh-PEO) and poly(styrenb-methyl meth- the volume fraction of At-PEO is 0% and 4.5%, respectively.
acrylateb-ethylene oxide) (PSb-PMMA-b-PEO) exhibited It can be seen that the effect of Au-PEO nanoparticles on the
cylindrical microdomains with a high degree of lateral ordering morphology of the PS-PMMA films is significant. Without
after solvent annealing under controlled humidity condit@n& the Au-PEO nanoparticles, cylindrical microdomains are aligned
In these examples, no neutralization layer is required, and it is parallel to the substrate, while perpendicular orientation of the
believed that the relative humidity plays an important role in a same microdomains was achieved when 4.5 vol % of Au-PEO
lateral ordering of the block copolymer thin films, presumably nanoparticles were incorporated. Note that black dots are
by a strong interaction between the water vapor and the observed within the bright PMMA domains in Figures 2b. A
hydrophilic PEO domains during the solvent annealing protess. higher magnification SFM image (Figure 2c) shows these “dots”
While such a process does not work directly with BRMMA more clearly. Previously, it was demonstrated that the PEO
block copolymers, it is an intriguing possibility if a similar lateral microdomains at the free surface appear as depressed dimples
ordering and vertical orientation can be induced in these in PEO-based block copolymer thin filMd3due to the loss of
hydrophobic systems by simple introduction of “external” water that swelled the PEO under the high humidity conditions
hydrophilic moieties into PS-PMMA copolymers. that prevail during solvent evaporation. We therefore believe
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Figure 2. SFM height images taken from the ASREMMA thin films containing (a) 0 and (b) 4.5 vol % Au-PEO particles after solvent annealing

and rapid solvent evaporation under high humidity conditior®096). (c) is a high-magnification SFM image of (b) showing “black dot” depressions
at the surface of the PMMA cylinder domains.

annealing and rapid solvent evaporation under low humidity conditie$s%b), followed by UV irradiation and then rinsing with acetic acid and
water to remove the PMMA microdomains. Scale bar is 500 nm.

that the black dot features within the PMMA domains are due ordering mechanism is same as in the case of PEO-based block
to hydrophilic Au-PEO nanoparticles. The larger features on copolymers. During the solvent annealing step, the films are
the thin film surface are agglomerated Au-PEO nanoparticles initially swollen with benzene under the saturated benzene
at the surface which can be easily removed by washing with atmosphere. Once the films were removed from the inner
water. chamber, the solvent (benzene) in the films will evaporate from
Regarding the effect of humidity on the morphology, it should the top surface. Therefore, the surface becomes cooled and hence
be noted that the Au-PEO nanopatrticles play the same role asreaches the dew point. Under the high humidity condition within
PEO blocks in PSB-PEO and PSb-PMMA-b-PEO block the glovebox chamber, the water vapor can condense on the
copolymers®>28 For example, when the films containing cold surface and interact with the hydrophilic Au-PEO nano-
Au-PEO nanoparticles (from 0 to 4.5 vol %) were annealed particles within the PMMA domains. As a consequence, the
under lower humidity conditions~50%), the cylindrical interaction between water and Au-PEO nanoparticles leads to
microdomains are very poorly ordered and in many regions werethe hexagonal arrays on the film surface. As the solvent
oriented parallel to the substrate as seen in the SEM micrographsvaporates further, the PMMA domains containing Au-PEO
of films where the PMMA block has been degraded and nanoparticles grow vertically and induce the perpendicular
removed as seen in Figure 3. Also significantly in SFM height orientation of cylindrical microdomains. However, under the
images (not shown) of the surfaces of such samples beforelow humidity condition, the dew point will decrease so that
PMMA removal, no black dot features like those in the films water does not condense. As a result, the parallel orientation of
produced under high humidity conditions are observed. This cylindrical microdomains is observed at low humidity, as shown
observation supports the hypothesis that the Au-PEO particlesin Figure 3.
do not segregate significantly to the surface under low humidity ~ To fully investigate the morphology and structure of these
conditions, an expected result since the surface energy of PEOnanocomposites that were prepared by solvent annealing under
is significantly higher than that of PMMA or P3.This fact high humidity condition £90%), the PMMA domains were
suggests that the ordering is induced by the interaction betweenremoved by UV irradiation, followed by rinsing with acetic acid
water vapor and the hydrophilic Au-PEO nanopatrticles, and the and water and SEM images were collected for films in which
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Figure 4. SEM images (top view) for PSi-PMMA thin films containing (a) O, (b) 0.6, (c) 1.9, (d) 3.2, (e) 4.5, and (f) 6.5 vol % Au-PEO particles
after solvent annealing and rapid solvent evaporation under high humidity conditi®@84), followed by UV irradiation and then rinsing with
acetic acid and water to remove the PMMA microdomains. Scale bar is 500 nm.

e e

Figure 5. SEM images (bottom view) for P&PMMA thin films containing (a) 1.9 and (b) 6.5 vol % Au-PEO particles after solvent annealing
and rapid solvent evaporation under high humidity conditiocn80%), followed by UV irradiation and then rinsing with acetic acid and water.
Scale bar is 300 nm.

the volume fractions of Au-PEO nanoparticles were 0, 0.6, 1.9, um, which is significantly larger than the typical grain size,
3.2, 4.5, and 6.5 vol % (Figure 4d). As expected, in the 200-300 nm, for PSt-PMMA block copolymers oriented by
absence of Au-PEO nanoparticles, the film shows an orientation thermal annealing on a random copolymer brifsi:3%33 This

of cylindrical microdomains parallel to the substrate (Figure 4a) improved lateral ordering can be attributed to the effect of Au-
which is consistent with the SFM image in Figure 2a. This PEO nanoparticles rather than to an intrinsic property of PSt-
parallel orientation persists when 0.6 vol % of Au-PEO b-PMMA. Under the controlled high humidity condition-90%),
nanoparticles was added, but as the volume fraction of Au-PEO hydrophilic Au-PEO particles in the PMMA domains induce
nanoparticle increases to 1.9%, the film morphology changesthe lateral ordering as well as the perpendicular orientation,
dramatically. At 1.9 and 3.2 vol %, it is evident that an which is similar to what is observed for PEO-containing block
orientation of cylindrical microdomains perpendicular to the film copolymers. Further increasing the amount of Au-PEO nano-
is achieved with pore diameter in Figure 4c,d of 24.2.5 nm particles to 4.5 and 6.5 vol %, leads to disruption of lateral
and periodicity of 67.2+ 2.5 nm. Remarkably, it should also  ordering. At 4.5 vol % of Au-PEO, the pore size distribution
be noted that lateral ordering spans an area larger tharill becomes broader, ranging from 22 to 45 nm (Figure 4e), and
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the PMMA and Au-PEO particles are removed, confirming that
the perpendicular orientation of cylindrical microdomains
persists throughout the whole thickness of the block copolymer
film and therefore that these films can function as templates
for lithographic applications.

The distribution of Au-PEO nanoparticles in the RSt-
PMMA films was then investigated by TEM. Figure 6 is a top
view, unstained TEM image for a film containing 4.5 vol %
Au-PEO nanopatrticles. The brighter areas correspond to the
PMMA domains, whereas the PS matrix is shown as a darker
background and the Au-PEO nanoparticles can be identified as
dark spots. A high-resolution image of a Au core is shown in
the inset. In Figure 6, it is evident that the majority of Au-PEO
nanoparticles reside within the PMMA domains, which is
consistent with the theoretical prediction by Balazs and co-
workers®=7 In this system, thed/L ratio is ~0.4, which is
estimated from the overall diameter of Au-PEO nanoparticles
: and the size of the PMMA domains. Therefore, one can expect
- - T e that the Au-PEO nanoparticles should be localized at the center
Figure 6. TEM images (top view) for PS-PMMA thin film ¢ ppvia domains. However, Figure 6 reveals that the particles
containing 4.5 vol % Au-PEQ particles after solvent annealing and rapid . o .
solvent evaporation under high humidity conditionsd0%). Bright are randomly dispersed within the PMMA domains, regardless
circles correspond to the PMMA microdomains and dark spots are gold of particle size. It is believed that this is due to the Au-PEO
nanoparticles. The inset is a high-magnification image of the core of a nanoparticles being “kinetically trapped” during the solvent
gold nanoparticle. Scale bars are 200 and 5 nm in the main image a”dannealing process and does not reflect the true equilibrium
the inset, respectively. structure for this system. This can be compared with the recent

as a consequence, the hexagonal packing of the cyIindersSt_Ud_y on the self-a_ssembly of PS-coated gold nanoparticles
becomes distorted, while the cylindrical microdomains still Within PStb-P2VP diblock copolymersi=t4In that case, near
orient perpendicularly. The pore size distribution is much equilibrium morphologies could be obtained pyslow evaporation
broader, 2560 nm in diameter, when 6.5 vol % of Au-PEOQ  Of @ neutral solvent. In contrast, the ordering of thin films in
nanoparticles was added (Figure 4f), and this irregular pore sizethe system described above was achieved by fast evaporation
may be due to an inherent limitation in the amount of Of solventunder a high humidity conditichr 28 Because of the
nanoparticles that can be blended into the block copolymer Miscibility between PEO chains and PMMA domains, the Au-
without disturbing its morphology. From the larger pore size PEO nanopart!cles mostlly reside within the PMMA domains,
and breadth of its distribution at 6.5 vol % Au-PEO, it seems and they can interact with the water vapor at the surface to
likely that macrophase separation may be induced by |arge|nduce the ordering of thin films. However, the_ fast solvgnt
additions of Au-PEO nanoparticles in a similar way that large €vaporation does not allow the Au-PEO nanoparticles to achieve
additions of PMMA homopolymers to PStPMMA diblock equilibrium localization at the center of the PMMA domains.
copolymer thin films leads to macrophase separation after To highlight the significance of the solvent evaporation rate
thermal annealing’ in the solvent annealing process, we also investigated the
To examine whether the cylindrical microdomains persisted morphologies of films after solvent annealing where the benzene
throughout the entire thickness of the block copolymer film, solvent was allowed to evaporate very slowly via a controlled
morphologies at the substrate interface were also examined. Thdeak from the inner chamber over about 24 h while a high
substrate was removed by treatment with HF solution, and the humidity condition ¢90%) was maintained. Figure 7 shows
liberated film was floated on surface of the HF solution and the resulting SEM images for films containing 1.9 and 3.2 vol
then flipped using another substrate. Parts a and b of Figure 5% Au-PEO nanopatrticles after the PMMA domains were
are SEM images of the bottom of the films shown in parts ¢ removed. Compared to the morphologies of the same film
and f of Figure 4, respectively. Significantly, the structures at compositions, Figure 4c,d, where such ordering was achieved
the top and bottom of these films are essentially the same onceby fast evaporation of solvent, it is evident that the slow

iy

. M ~ -

Figure 7. SEM images (top view) for PSi-PMMA thin films containing (a) 1.9 and (b) 3.2 vol % Au-PEO particles after solvent annealing and
very slow solvent evaporation under high humidity condition8@%), followed by UV irradiation and then rinsing with acetic acid and water to
remove the PMMA microdomains. Scale bar is 500 nm.
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