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Stringlike structure formed in thin films of a lamella-forming diblock copolymer
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Thin films of a lamella-forming polystyreniglockpoly(2-vinylpyridine) diblock copolymer, PS-P2VP, were
annealed by a tetrahydrofurdiiHF) vapor treatment. The thin films immediately developed a multilayered
lamellar structure, similar to those known for conventional heat treatment. However, in the case of the vapor
treatment, the steps moved over a significantly larger distance than the case of the heat treatment. This process
strikingly developed stringlike objectstringg that appeared near the steps. The strings were found to be
cylindrical domains of pol§2-vinylpyridine) blocks (P2VP partitioned from P2VP lamella during the step
motion and sandwiched by the polystyrene phase that results in perforating the P2VP lamella. The string
formation seemed to be associated with the motion of the step, which was considerably faster in the vapor
treatment process than in the heat treatment process.
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Ordering process of the self-assembling materials, e.gnificantly dewetted the substrate and thickened; the step
crystalline materials, generally traps nonequilibrium “de- move due to the film thickening was observed to occur over
fects” in the final structures. These defects closely relate tanuch larger distances than the heat treatment process. This
how the ordered structure has been formed. In this paper waay bring a new aspect to the self-assembly of the lamellar
will discuss our finding, the formation of an intriguing struc- films that has not been encountered before in the heat treat-
ture, astringlike structure in lamellar thin films of a sym- ment case.
metric diblock copolymer. As will be shown here, this string ~ Polystyreneblockpoly(2-vinylpyridine) diblock copoly-
formation process is related to a moving of the steps forme#her, PS-P2VP, used in this study has the number average
on the free surface of the multilayered film, i.e., a change irmolecular weightM,,= 2.10x 10> with a heterogeneity index
the local thickness of the film involved by a dewetting pro-of M, /M,=1.11, whereM,, is the weight-averaged mo-
cess. The phenomena found in the block copolymer systenecular weight. The volume fraction of PS is 0.44. The bulk
may universally occur in the ordering of various smecticsample shows a lamellar structure with a spacing of 140 nm
films comprised of liquid crystals, biomaterials, hydrogels,[6]. Thin films of the PS-P2VP were deposited onto a native
etc.[1]. oxide silicon (SiQ) substrate from a 1 wt% solution of

The symmetric diblock copolymers comprised of two PS-P2VP in tetrahydrofurafifTHF) by a dipping method.
polymer chains covalently bonded at their chain ends ardHF is a common solvent for polystyreBS and poly2-
microphase-separated into lamellar morphologies in ik
In the case of the thin films, generally surfaces of the films
selectively attract one of the block components and thereby
induce alignment of the lamellar microdomains parallel to
the surfaces(parallel lamellag [3]. The block copolymer o
sample is frequently annealed above the highest glass transi- o 50um
tion temperaturely of the constituents in order to establish >
an ordered equilibrium state from a distorted nonequilibrium
structure (microphase-separated structures without long
range order formed in the preparation processes. On the
other hand, treatment of the sample with vapor of a neutral
solvent was explored recentl@,5]. In this treatment the
swollen solvent decreases tfig as well as the segregation k 11
power of the two components of the system. In thin films of - _lum_
a lamella-forming diblock copolymer, both the_ heat treat- FIG. 1. Reflection optical micrograph of the PS-P2VP thin films
r_nen_t and _the solvent-vapor treatment_ cause thickness quagy e SiQ substrate developed by a heat treatment in vacuum at
tization with a stepped surfadsee Figs. (@ and Ib)].  210°C for one weeka) and by the THF-vapor treatment for three
However, in the case of the vapor treatment, the films Siggays at room temperatutb). The 502m scale is common to both

(a) and(b). (c) shows a SFM height image obtained at the position

on the lower terrace as indicated by the arrowli (d) represents
*Email address: 28658u@ube-ind.co.jp the height profile along the dotted line (o). Point P represents the
TEmail address: hashimoto@alloy.polym.kyoto-u.ac.jp center of the string.
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vinylpyridine) (P2VP. The samples were exposed to satu-
rated THF vapor in a closed chamber kept at room tempera-
ture. Ellipsometry determined a thickness and hence a degree
of swelling in the films or the PS-P2VP concentratip in

the swollen films. Thepp decreased to a steady value of
about 40% after 10 min. At the end of the treatment, the
samples were transferred to an atmosphere where the solvent
was promptly evaporated.

The vitrified samples were observed by scanning force
microscopy(SFM). TappingMode Nanoscope I(Digital In-
struments, Santa Barbar_a, Cavas used fqr t.hls purpose. . FIG. 2. Cross-sectional TEM image of the PS-P2VP thin film on
The samples were investigated by transmission elgctron Mipe SiQ substrate annealed by the THF vapor treatment for three
croscopy to_o with the electron beam pqrallel to the film planQjays at room temperatute). A, P, and O indicate embedding resin
(cross-sectional TEM The PS-P2VP films were removed (hence corresponding to an air phase before the TEM preparation
from the rigid SiQ substratg 7] and put onto a polyimide the ps-P2VP film, and the substrate, respectively. An undulation of
substrate. After embedding in an UV-cured acrylic agenthe lamella interfaces is highlighted by the difference between the
(Luxtrak, Toagosei Co., Tokyo, Japarthe samples were spacinga to y. (b) depicts schematically a model for the string
sliced, and stained by OgQrapor. TEM images were taken indicated by D in(a). For the other markers, see text.
on a JEM-200CXJEOL, Japanmicroscope operated at 100
kV. and to be composed of three P2VP full lamell&d—V3),

The as-prepared PS-P2VP films had a uniform thicknesthree PS full lamella¢S1-S3, and two boundary laye(§4,
of about 300 nm. Within the first 1 min of the vapor treat- B). The layer S4 on the free surface is composed of a half PS
ment, the thin films developed small ardgsrraces of well- lamella. PS has a lower surface energy than P2VP, hence
defined interference color, though the image is not showrsegregating to the free surfaf&l]. On the other hand, the
here. The color was stepwisely varied over the thin filmsboundary layer B on the substrdt@) is not simple, since the
indicative of the thickness quantization which is well known SiQ, surface strongly adsorbs P2VP chains and induced a
for the system annealed by the heat treatnj@r&]. In con-  special structure on the substrate surface, though we shall not
trast to the heat treatment, the boundaries of the terracedaborate on this further in this paper. The average lamella
(steps had been significantly moved during the vapor treat-spacing is about 80 nm which is smaller than that observed
ment. As a result of the step move, the terraces coarsenea bulk (140 nnj. It should be noted that the lamella inter-
with time t during the treatment. The terrace coarseningfaces are undulating as shown in the difference of the lamella
seemed to be driven by a hydrodynamic flow within thespacinga, 8, andy in Fig. 2(a).
lamellar film[9] rather than by a line tensidri0]. The lat- A remarkable finding is that, at the part indicated by D,
eral dimensiorL of the terraces grows by roughly~Kt*  the outmost PS domaifS4 and SB perforates the P2VP
anda=0.55 andK =0.4 withL andt in units of micrometers lamella(V3) at two positions and, thereby, forms an isolated
and minutes, respectively. The prefackois several orders P2VP domain which appears as a round cross section. The
of magnitude larger than that found in the heat treatfi@nt  perforations to P2VP lamella by the PS domain were ob-
At the same time, the film was dewetted from the substrateerved at various positions of the sample. Interestingly, the
and thickened by forming higher terraces. The vapor treatPS domain perforates P2VP lamella always by the pair as
ment was stopped after three days. The solvent evaporatiavbserved in Fig. @). The spacing between the pair PS per-
process did not change position of the steps significantly. forations is about 90 nm, which is the same as the spacing

An optical microscopy image of the vapor-treated samplebetween the two depressions in both sides of the sffim
is shown in Fig. 1b). Note that the vapor treatment devel- 1(d)].
oped much wider terraces than the heat treatrhess: Fig. The depressions of 5 nm in both sides of the strings as
1(a)]. A part of the lower terrace as indicated by the arrow inshown in Figs. {c) and 1d) should be observed on the sur-
Fig. 1(b) is further inspected by SFNFig. 1(c)]. The height face contour of the PS-P2VP film in Fig(&. However, the
image shows that, surprisingly, the terrace is embeddinglepressions do not appear there, probably because they are
stringlike objects(hereafter referred to as “stringsmever so small in the scale of the figure. Nevertheless, we may
observed in the case of the heat treatment. Each string gossibly assume a model of the strings schematically shown
comprised of two parallel depressions with an interval ofin Fig. 2(b). In this model, the PS domain perforates P2VP
about 90 nmsee Fig. 1d)]. A considerable number of the lamella, leaving a P2VP cylinder in the PS matrix. Although
strings was observed on various areas of the sample. ThiBHF is a common solvent of the system, it is slightly pref-
finding is quite striking, since the terrace is expected to beerential to P§12]. Therefore, during the THF-vapor treat-
composed of the parallel PS and P2VP lamellae which arenent, the PS domain takes up more THF than the P2VP
laterally homogeneous. domain. After the solvent removal, the PS perforations are

Figure 2a) shows a cross-sectional TEM micrograph of considered to shrink more than the area without the perfora-
the sample. Here PS and P2VP domains are unstained atidns, leaving the depressions of the free surface below
stained by Os@and hence appear bright and dark, respecwhich the PS perforations exist.
tively. The sample is found to have parallel lamellar structure Now, a question is raised on how the P2VP string and the
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FIG. 3. (a) and(b) show a SFM height image taken near the step
(X) and a cross-sectional TEM image of the corresponding portion
(X"), respectively. The string®.g., Y) emanating from the step are
observed i@ and a correspondingly isolated micellar dom@iti)
appears inb). A three-dimensional model of the striry or Y') FIG. 4. Schematic diagram for the string formation process. See
near the step is presented in the inseta)f text for details.

pair PS perforations have developed. For lamella-formingstring formation: the moving stefzontaining the defect like
dPS-P2VP, Liuet al. found cylinders created perpendicular X') develops the micellglike Y'), and the micelle is trans-
to the steps in films less than 3/2 lamellar lay@rse Fig. 4 formed to the string.
in Ref.[13]). Our findings are different from theirs, since a  The schematic diagram of Fig(i# shows a step moving
significant number of the strings is generally observed evettoward the backside of the spattee direction indicated by
in thick films (more than three lamellar laygréowever, the the arrow accompanied by the dewetting and thickening of
strings seemed not to be distributed randomly on the entiréhe thin film. The lamellae with undulating interfaces are
free surface. By inspecting in detail their locations, it turnedthinner in some parts, and thicker in some parts, than the
out that the strings appear mostly near the steps. The prolmean spacing. In order for the step to move junction points
ability densityp of finding a part of the string from a curvi- of block copolymers may diffuse and flow due to either of
linear distancex from the step is roughly represented py the following two cases. In the first cafeart (ii)], the junc-
=poexp(x/1) andl=1.5 um (p, is a proportionality con- tion points on both the interface between V4 and S5 and that
stant depending on the sampling are@he characteristic between V4 and S4 diffuse and flow along the direction of
lengthl may be expressed hyr, wherev is the velocity of  the step moveas indicated by the two arrowsThis case
the step and is the sustaining time of the string against the will decrease the junction-point density around the tip of V4
relaxation to the lamella. because the driving force for the junction points to diffuse
An example is shown in Fig. (8. The height image and flow on the two interfaces described above is balanced at
shows a step between the low@lark and higher terraces the tip. This causes the necking of V4 near the tip and sepa-
(bright) with its height corresponding to the lamellar spacingrates a P2VP micellgM in part (iii )] from the P2VP lamella
as shown in Fig. @). The strings are emanating from the V4 [see the process shown from pafis to (iii)]. On the
higher step and exist on the lower terrace. Interestingly, thepther hand, in the second cdgmrt(iv)], the junction points
never exist on the higher terrace. PS-P2VP block copolymergliffuse and flow in such a way that the diffusion rolls up the
that have different molecular weights also developed stringéterface around the V4 tip. When the step approaches the
in thin films [6]. However, the lowerhighey M, reduces thinner area(indicated by T of V4, the flow of junction
(expand} the time scaler; of developing the strings. Fur- points is slowed down in front of T and this part of the P2VP
thermore, we found the; increases with a decrease of the domain may be compressed. On the other hand, in the back-
volume fraction of solvent brought by the reduction in theside of T, this compression is relaxed, the flow tends to be
vapor pressure. It implies that the string formation may relatéccelerated, and this part tends to be pulled up. This flow
to the step move. Figure(l® shows a cross-sectional TEM tends to make T thinner and eventually part of T will be
image of the portion which corresponds to that shown inperforatedsee the region gin part (v)]; the T region may
3(a). X' and Y’ seemingly correspond to X and Y in(&3, be elongated parallel to the step frdr8: defined in part
respectively. The outmost P2VP lamella V4 is ended by ariv)]. In part(v) the perforation should inhibit the flow of the
edge-dislocation type defetX’) [3(b)]. In the left-hand part junction points across gI' though the flow still occurs on
of X', a P2VP cylindrical domaifY’) is observed in the PS both sides of the gregion(L and R where the V4 domain
domain. Between X and Y, the topmost PS laye(S5H is not yet perforated. When the step front comes closesto T
merges to the subsequent PS lag®@4). The step accompa- the flow should deform the step front 8f the V4 domain
nied by the dislocatioiflike X") is moving during the vapor and the perforatedglregion, developing a core-shell micelle
treatment due to the macroscopic dewetting and thickenind [in part(vi)] with a P2VP core and a PS shell. As the step
of the thin film. Furthermore, in our system, the lamella in-moves further, this micelle is left on the lower terrgeg).
terfaces are considerably undulatitgyg., see Fig. 2 The In both cases of part§ii) and (vi), the protruded micelle M
string formation may be attributed to this undulated interfacehas an excess surface area and costs a free energy penalty. In
and the step move. We assume the following scenario for therder to minimize the surface free energy, M will be embed-
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ded in the lamella as shown in the process of péiits or Since the lamella-forming block copolymers are in the
(vi) and(vii). The diffusion of the junction points in the layer same universality class with the smectic liquid crystals, the
V3 is associated with this process. The micelle embedded iatrings may form in the case of the smectic liquid crystal
the lamella will be observed as the string. This string M isfilms too. In the liquid crystal films, the steps are believed to
interconnected to the V4 lamella as schematically illustratednove significantly fast. This meets the condition presented in
in the three-dimensional model shown in the inset of Figthe string formation scenario. However, relaxation of the
3(a). strings is also fast which may make observation of the

In Fig. 3@ the strings touch the step tangentially andstrings difficult. In spite of it, some particular textures ob-

extend down toward the lower terrace, implying that the

strings have been formed in the step and they have been Iecﬁ

¢

by the step move described above. By inspecting the traje
tory of the protruded part P of the strifglefined in the
height profile across the string shown in Figd) along its
longitudinal direction for many strings, it was revealed that
the height of P relative to the lower terrace surféces a

served in the free-standing thin films of the smectic liquid

at discussed here. On the other hand, the strings may form
in lamella-forming more complicated block copolymer sys-
tems as well, like the one studied in RES). In this case, the
chain connectivity and cooperative diffusion and flow of the
many types of junctions appear to prolong the time scale of
developing the strings, which makes the observation of the

monotonically decreasing function of a curvilinear distarce gyings much easier than the smectic liquid crystals of small
from the steps, confirming the model suggested in the insg}olecules.

to Fig. 3a). The function is roughly approximated Hy
=hg—ax in the range 200 nrRIXx<1000 nm with «
=7x 10% andh,=8 nm. Both short strings and long strings
are embedded in the lower terrasee Figs. &) and Xc)],
indicating that both of the cases of Figsii#and 4iv) may

In conclusion, we found stringlike objedtstringsg in thin
films of a lamella-forming diblock copolymer when the films
were annealed by the solvent-vapor treatment. The films
formed a parallel lamellar structure, which was similar to the
case of the heat treatment. However, in the case of the vapor

account the string formation. These pieces of experimentdreatment, the surface steps moved over much larger dis-
evidence seem to support the aforementioned scenario of thiances than those developed in the case of the heat treatment.
string formation. When the solvent is slowly removed so thafThe large step move and the undulation of the lamella inter-
the steps move during the drying process, the solvent refaces near the step seem to be primarily responsible for the

moval may influence the string formation.

formation of the strings.
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