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Abstract

Robust and uniform ultrathin elastomeric films with complete surface coverage were fabricated from poly[st{etingeneeo-buty-
lene)b-styrene] (SEBS) functionalized with 2% of maleic anhydride by grafting to a chemically modified silicon surface via e
terminated self-assembling monolayers. We varied the thickne$she SEBS film, from 1.4 to 8.5 nm, to test the limits of the stabili
of microphase-separated structures under confined conditions. We observed that the in-plane cylindrical/spherical microdomain m
is similar to the bulk microstructure but it is compressed in vertical direction due to film—air and film—substrate interfacial constrains.
microstructure is formed at thicknesses in the range from 2.6 to 9 nm and is perfectly defirbg-at0.3 (SEBS interdomain spacing,
Lo = 28 nm). Microphase separation is completely suppressed only for extremely thin filmis/lajtkc 0.08. Unlike physically adsorbed
SEBS monolayers, which dewet the silicon surface, tethered block copolymer monolayers obtained under identical conditions are v
even under high shear stresses and at elevated temper&@u2€0 Elsevier Science Ltd. All rights reserved.
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1. Introduction film thickness. Motomatsu et al. [8] studied the poly[sty
eneb-(ethyleneeo-butylene)b-styrene] (SEBS) triblock
Thin films of block copolymers are currently under inten- copolymer film withL = 170 nm The surface of the film
sive study [1-10]. Their ability to form coatings with excep- exhibited characteristic cylindrical morphology similar t
tional characteristics due to their unique microdomain the bulk microstructure.
morphology is of great interest [1,4,7,11,12]. These films In general, researchers limit their studies to relativ
undergo a series of structural reorganizations of the surface"thick” films from block copolymers withL > 30-100 nm
microdomain morphology depending upon thé, ratio, that corresponds to the regirhé_, > 1 or film thicknesses
whereL is the film thickness anH, the equilibrium spacing  higher than the equilibrium interdomain spacing. Scali
of the microdomain structure [1-3,9,10]. A great deal of down the thickness to the limlt/Ly < 1 is a challenging
work in this area is devoted to the ABA block copolymers task. When the film thickness is belldw, the morphology
where A constitutes thermoplastic materials (e.g. polystyr- of the film is disturbed by the competition of several forc
ene) and B is an elastomer (e.g. polybutadiene or ethylenef/including strong surface interaction, slow kinetics, and t
butylenes copolymer). These triblock copolymers are “bulk” driving force towards a morphology with natural
capable of forming thermoplastic elastomer (TPE) coatings period L [13]. As a result, several morphologies we
[5-8]. observed for block copolymer ultrathin films. Russel et
Van Dijk and van den Berg [5] studied thin films of [14] reported the formation of micron size islands with
poly[styreneb-butadiends-styrene] (SBS) block copoly- step height,. Harrison et al. [15] observed that the SB
mer with thickness ranging from 30 to 150 nm. It was film, with a thickness of 20 nm, deposited on polystyre
found that the films possess a cylindrical microstructure brush-coated wafers produced a “zeroth” layer, which d
close to the one observed for the bulk materials with differ- not demonstrate the microdomain morphology. The for
ent PS cylinder orientation that depends upon the averagetion of a random array of uniformly sized circular domai
was observed for the poly(styrebebutyl methacrylate)
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deposited film approaches equilibrium interdomain spacing, surface composition, are very smooth, demonstrate no sign
the microphase separation is disturbed and further reductionof island microstructure even under severe thermal
of film thickness results in inhomogeneous surface treatment, and are extremely stable and robust under shear
coverage. To the best of our knowledgstable and stresses.
uniform ultrathin films from thermoplastic elastomer To avoid the dewetting and stabilize of ultrathin films
copolymers with complete surface coverage and developedwith nanometer scale thickness bfLy < 1, we grafted
microdomain structure at thickness well below the functionalized ABA triblock copolymer on a specially
interdomain spacing has not yet been demonstrated. prepared chemically reactive silicon surface. The triblock

To test this conclusion for the SEBS block copolymer copolymer was poly[styrenb-{ethyleneeo-butylene)b-
studied in this work, we fabricated very thin polymer styrene] (SEBS) functionalized with 2% of maleic anhy-
films (overall thickness measured by ellipsometry is less dride (MA) randomly imbedded into the hydrocarbon
than 3 nm) on a bare silicon surface under identical experi- chains. The epoxy-terminated self-assembled monolayer
mental conditions described below. As we observed, indeed,(SAM) deposited on a silicon wafer prior block copolymer
these films are incomplete or possess island morphologylayer fabrication was used as a reactive anchoring surface.
(Fig. 1) that confirms the paradigm known for block We showed previously that for these homogeneous and
copolymer films. Therefore, a different approach should robust SAMs, terminal epoxy groups were mainly located
be thought to prevent this natural tendency. Very minor at the surface [20,21].
variation of deposition conditions leads to dramatic recon-
struction of film morphology due to the inherit instability of
filmatL < Lo. 2. Experimental

In this communication, we focus on the fabrication of
uniform and robust ultrathin block copolymer layers with The procedure of epoxy-terminated SAM fabrication on
L/Ly < 1 (the thickness below 10 nm) via chemical grafting silicon wafers is described in detail elsewhere [20,21]. The
of the polymer to the reactive interface. This regime is very SEBS studied here is Kraton 1901 (Shell) with styrene and
interesting from the point of view of prospective maleic anhydride contents of 29 and 2 wt%, respectively.
nanotechnology applications of block copolymers for sub- The molecular weight measurements were carried out for
micrometer photolithography and molecular lubrication for the SEBS solution in THF using a Waters-GPC equipped
microelectromechanical systems where space constraingvith Mini Dawn (Wyatt Technology) light scattering detec-
require robust coatings with thickness less than 5-10 nmtor. GPC data showel,, = 41,000 gmol, M,,/M,, = 1.16,
[1,4,16-19]. We tested the limits of the stability of the andR, = 6.3 nm whereRis the radius of gyration of SEBS
microdomain morphology under these very space-restric- macromolecules. The SEBS copolymer layer was deposited
tive conditions. In this work, we demonstrated that uniform on the epoxy-terminated SAM from toluene solution and
and robust nanometer thick films from block copolymers, melt. The MA groups of the elastic block (PEB) react
indeed, can be fabricated if an appropriate anchoring strat-with the epoxy groups of the monolayer [22], thus enabling
egy is used. We observed that these films show very uniform anchoring of the elastic block to the surface.

Fig. 1. Different morphologies observed for SEBS film with thickness of about 3 nm obtained by adsorption from solution on a bare silicon wafer under
variable conditions similar to the grafting procedure. Vertical scale is 20 nm. Bright parts correspond to higher features.
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For grafting from the solution, the SAM modified silicon contact angle varies from 93or the thinnest film to
wafer was immersed in the polymer solutions of different 100+ 2 for L > 1.7 nm These values are within th
concentrations (from 0.25 to 8 wt%) for 24 h. For grafting range reported for PS surface (9(29] and polyethylene
from the melt, the initial polymer film was spin-coated from surface (99t 3°) [30]. Since the chemical composition an
the 1.5 wt.% toluene solution. The initial thickness of the surface energies of polyethylene and polybutylene
spin-coated film measured by ellipsometry wast6 nm. very close [25], for their copolymer, PEB, we can expe
The specimens were placed in a vacuum oven at@%6r the contact angle to be close to°99herefore, contact
45 min to enable the MA groups to react with the epoxy- angle measurements show that PEB chains comple
terminated SAM. The unbounded polymer was removed by cover the film surface at thickness> 1.7 nm This obser-
multiple washing with toluene, including the washing in an vation is consistent with other investigations, whi
ultrasonic bath. The film surfaces were examined by a staticdemonstrated that the surface of a monolayer thi
contact angle (sessile droplet) using a custom-designed opti-block copolymer film is covered with a component wit
cal microscopic system. Ellipsometry was performed with a lower surface energy [15,31].

COMPEL automatic ellipsometer (InOmTech, Inc.). Scan-
ning probe microscopy (SPM) was done on a Dimension
3000 (Digital Instruments, Inc.) microscope according to
the experimental procedure described in detail earlier [23].

To characterize the grafted film, several parameters have
been evaluated [24]. The surface coverdgémg/n?), was
calculated from the ellipsometry and SPM thickness of the
layer h (nm) by the following equation:

I'=hp D

wherep = 0.905 gcm? is density of SEBS. The density of
SEBS was estimated from the density of polyethylene in
rubbery form and polystyrene in glassy form by additive
approximation [25]. The grafting density, (chain/nnf),

i.e. the inverse of the average area per adsorbed chain was
determined by:

3 = IN, x 10 %YM, = (6.023"x 100/M,, 2)

where N, is Avogadro’s number and!,, (g/mol) is the
number average molecular weight of the grafted polymer.

3. Results and discussion

Fig. 2a demonstrates the thickness of SEBS film grafted
from solution versus its concentration. The layer height
gradually increases to 2.7 nm for 8% concentration. Graft-
ing from the melt results in much thicker filth = 8.5 nm).

For the grafting conditions used, the surface coverdge (
and grafting densityY) vary from 1.2 to 7.6 mg/mand
from 0.019 to 0.12 chain/nfrespectively (Fig. 2b). These
values are very close to the grafting parameters obtained for
PS of comparable molecular mass grafted to epoxy-termi-
nated SAMs [26].

Fig. 2a shows the thickness of the films scaled with the
interdomain spacingd.,. In our estimations, we use, =
28 nm since this value is reported for similar SBS block
copolymer with very close composition [27,28]. The combi-

nation of the grafting from the melt and solution allows us to Fig. 2. (8) SEBS film thickness as measured by ellipsometry, SPM mic
roughness and the film thickness reduceldtfnterdomain spacing) versus

concentration of SEBS in solution and melt. (b) Surface coverBdeig/

m? and grafting densityy (chain/nnf) versus concentration of SEBS in

ULy <1 solution and melt. (c) Water contact angle for the SEBS film versus
Fig. 2c presents the contact angle for SEBS films. The thickness of the film.

vary the film thickness in a wide range lofL, from 0.05 to
0.3, thus, keeping the target condition for ultrathin film,
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SPM imaging provides further insight into the film micro-  from the same films recorded with the low set pdinf, =
structure (Figs. 3 and 4). First of all, it shows that all flms 0.45=* 0.05) or high forces applied. According to SPM
are uniform without islands, holes, and dewetting areas, studies on similar block copolymers [6], under these
unlike physically adsorbed SEBS films of comparable thick- conditions, the topographical images in Fig. 3 reflect the
ness (Fig. 1). The film surface is very smooth as indicated by morphology of the topmost layer and phase imaging is
the microroughness within the iimx 1 um area in the controlled by surface adhesion. In contrast, the SPM images
range of 0.2-0.3 nm (Fig. 2a). in Fig. 4 are recorded in the repulsive mode and a major

The free amplitude for scanning prol#g, was chosento  contribution comes from the elastic response of the film.
be about 40 nm. For “light” and “hard” tapping modes, the Under these scanning conditions, the SPM tip squeezes
set-point amplitude ratia,s, = Asy/Ag (Asp is the set-point  the topmost rubbery layer and interacts with hard domains.
amplitude used for the feedback control), was selected to be For the SEBS layers with thickneks< 2.2 nm(L/Ly <
0.9% 0.05 (amplitude damping of 4 nm) and 0.4950.05 0.08), the SPM images show very fine, random nanoscale
(amplitude damping 22 nm), respectively. The amplitude texture (Fig. 3a and b). When the SEBS film reaches 2.6 nm
and phase variation show that, @f > 0.85, we scanned  (L/L, = 0.1), the first evidence for the microphase separa-
at an attractive interaction regime. The repulsive mode tion of PS within the film was detected (image not shown).
was in place atg, = 0.45. We observed tiny circular domains of PS randomly distrib-

Fig. 3 presents topographical and phase images of theuted on the surface. For the film with 8.5 nm thickness
SEBS films recorded at the highest set pait = 0.9 * (L/Ly = 0.3), the SPM images show the microdomain struc-
0.05) or the lowest forces applied. Fig. 4 shows SPM images ture typical for the analogous block copolymer films [5-8]

Fig. 3. SPM topographical (a and c) and phase (b and d) images of SEBS films with thickness 1.8 (a, b) and 8.5 nm (c, d). Vertical scale is 7.0fom and 20
topography and phase modes, respectively. Bright parts correspond to higher features and phase shifts. “Light” tapping.
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Fig. 4. SPM topographical (a and c) and phase (b and d) images of SEBS films with thickness 1.8 (a and b) and 8.5 nm (c and d). Vertical scale is 7
100 for topography and phase modes, respectively. Bright parts correspond to higher features and phase shifts. “Hard” tapping.

(Fig. 3c and d). We observe a mixture of spherical and the one observed in thick films and bulk [7,8]. The inte
cylindrical PS domains with an apparent diameter less domain distanced,,, and domain diameter, are virtually
than 12 nm. Modest widening is present due to the SPM non-distinguishable in the molecular film and in the bul
tip dilation and can be estimated as contributing 20—-30%, Ly =28+ 2 nm in comparison to 27-30 nm and<
thus leading to better estimation of the actual diameter as10 nm in comparison to 9—10 nm, respectively. Howev
less than 10 nm. The average spacing in short-range ordereave should assume that at least 1—-2 nm below and 1-2
microdomains is 28 2 nm as determined from the 2D above the PS microphase is occupied by the PEB bloc
Fourier-transformation. Close parameters of the micro- provide tethering to SAMs and cover the film surface (
domain structure are deducted from SPM data recorded inaccordance with our observations). Thus, only a 5-6
repulsive mode. The pronounced difference is reverse thick layer is left for the PS phase itself, which immediate
contrast on the phase images of microdomain structuresconcludes theompressed shap# the PS domains within
(compare Figs. 3d and 4d). This change is purely instrumen-this film along the surface normal.
tation appearance related to the change of a phase shift atthe This leads us to the model with compressed spherical
transition from attractive to repulsive mode as discussed in cylindrical PS microdomains (Fig. 5). The MA units of th
detail in Ref. [6]. grafted SEBS, which are not attached to the epoxy-ter
The in-plane SEBS microdomain structure within nated SAM, should be randomly distributed within th
ultrathin layers (30% of equilibrium spacing and 70% of grafted film. Apparently in thin films, the chemical graftin
unperturbed macromolecular diameter)visry similar to of the rubber block to the surface prevents the formation
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Fig. 5. Schematic representation of the SEBS monolayer microstructure.
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