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Abstract

The surface patterns resulting from fast crystallization of as-cast and annealed thin films (ca. 100 nm) of two polystyrene-b-polybutadiene-
b-poly(e-caprolactone) ABC triblock copolymers is investigated through atomic force microscopy (AFM). Two different substrates are used:
silicon and mica. The behaviour is compared with the bulk morphology obtained through transmission electron microscopy (TEM). AFM
images of the as-cast films revealed surfaces with lamellar patterns. Based on the observation of T-shaped grain boundaries between
lamellae, and on a comparison of the microdomain dimensions obtained by TEM and AFM, the surface pattern is rationalized as being
formed by amorphous and crystalline polycaprolactone (PCL), with the PCL/PB block copolymer interfaces located parallel to the susbstrate.
The formation of islands and holes in annealed films with a lamellar ‘floor’, depending on the conmensurability between film thickness and
long period, is also observed, indicating a parallel orientation of the block copolymer lamellae. © 2002 Published by Elsevier Science Ltd.
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1. Introduction

Crystallization in polymers continues to attract attention,
despite several decades of research, because important
issues such as the mechanism of crystallization are still
not understood. Semicrystalline diblock copolymers offer
model systems where the effect of a tethered amorphous
block on the crystal stem orientation and crystallization
mechanism can be investigated, and a number of recent
studies have focused on these materials [1-5].

The morphology upon crystallization in semicrystalline
diblock copolymers is greatly influenced by the extent of
segregation of the copolymer or the presence of glassy
microdomains. Crystallization can overwhelm the micro-
phase-separated structure formed in a weakly segregated
diblock melt [6-8]. However, glassy domains lead to
‘nanoscale confinement’ of crystal lamellae, and hence
constrain the crystal stem orientation [9—12]. If the block
copolymer is strongly segregated, crystallization can be
guided by [8] or occur within [12,13] the microdomains in
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the pre-existing melt morphology. A review of the subject
has recently appeared [14].

The experimental and theoretical work on block copoly-
mers deals mainly with the bulk morphology, and there is
only a limited amount of information on the structure and
orientation of microdomains in thin films. Crystallization in
thin films of hPB-b-PEO diblocks has recently been inves-
tigated by Reiter et al. [15,16]. For a diblock containing
45% PEO they observed, using atomic force microscopy
(AFM), lamellae oriented parallel lamellae in the melt but
perpendicular to the substrate upon crystallization at a large
undercooling [16]. Within this arrangement, the lamellar
surface is proposed to be formed by alternating PEO and
PB lamellae. This was ascribed to a kinetically trapped state
of chain-folded PEO crystals. The perpendicular lamellae
could be preferentially aligned over several micrometers
when crystallization occurred close to a three-phase contact
line. However, ultimately the morphology evolved into the
equilibrium parallel one, which was also observed for three
other diblocks with a higher PEO content [16]. Films of
these copolymers were characterized by smooth islands
and holes at the surface due to an incommensurability
between the film thickness and an integral number of lamellae.
The island and hole structure was retained upon crystalliza-
tion, although craters and cracks appeared in the lamellae.
Within craters, terracing of lamellar steps was observed,
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from which the lamellar thickness could be extracted. Terra-
cing of crystal lamellae oriented parallel to the substrate was
also reported for a PEO-b-PBO diblock and a PEO-b-PBO-b-
PEO (PBO = poly(oxybutylene)) triblock, probed via AFM
[17]. In this work a comparison of the lamellar thickness
was also made with the domain spacing obtained from
small-angle X-ray scattering (SAXS) and a model of tilted
chains was proposed (fully extended for the diblock, once
folded for the triblock). However, this is not in agreement
with recent simultaneous SAXS/WAXS (wide angle X-ray
scattering) results that indicate PEO chains oriented per-
pendicular to lamellae in a PEO-b-PBO diblock [18].

Thus, most studies to date have been limited to AB
diblock and ABA triblock copolymers. Recently, the inter-
play between crystallization and microphase separation in
hydrogenated and non-hydrogenated ABC triblock copoly-
mers of polystyrene, polybutadiene and polycaprolactone
(PCL) in the bulk has been examined [19-22]. It was
found that the crystallizable blocks have a significant influ-
ence on the mesophase structure in spite of the presence of a
glassy polystyrene block. The microdomains do not show
the same degree of long-range order as in amorphous ABC
triblock copolymers. Moreover, a change of the crystalliza-
tion conditions can induce a morphological transition, for
example, from a lamellar—lamellar (11) to a lamellar—cylind-
rical (Ic) morphology [22]. These results together with the
previously demonstrated formation of well-defined spheru-
lites give strong evidence of a perpendicular orientation of
the crystalline PCL (cPCL) chain stems with respect to the
block copolymer interfaces. On the other hand, Jackson and
co-workers [23,24] have reported that the formation of
spherulites in a copolymer with 50% PCL depends on
sample thickness.

To our knowledge, studies on the surface morphology of
thin films of ABC triblock copolymers have been limited to
amorphous ones [25-27]. These works have shown that it is
possible to obtain perpendicular arranged lamellae, as is also
the case for diblocks if the film is thin enough or if it is confined
between two walls. The formation of such patterned
surfaces could be very interesting for potential applications.

In this work we explore the surface morphology of thin films
(thickness ca. 100 nm) of two semicrystalline ABC polystyr-
ene-b-polybutadiene-b-PCL triblock copolymers, which form
1I- and lc-morphologies in the bulk. We show that the
commensurability between film thickness and long period is
a determining factor in obtaining a lamellar nanopatterned
surface. Models that explain these observations with the
simultaneous formation of islands and holes are presented.

2. Experimental section
2.1. Materials

Two poly(styrene-b-butadiene-b-g-caprolactone) ABC
triblock copolymers were synthesized via anionic polymer-

Table 1
Molecular characteristics of the triblock copolymers used in this study

Copolymer* M, X 107 (g/mol)® M,/M, 1,2 PB units (wWt%)
S»7B15Css 219 1.30 10
S55B15Cs 150 1.22 11

* The subscripts represent the weight percent of each component.
® Determined from 'H NMR using M, ps obtained from GPC curves,
calibrated with PS standards.

ization [28]. The molecular characteristics of the materials
are summarized in Table 1.

2.2. Transmission electron microscopy

Films of ~1 mm thick were slowly cast from 5 wt%
toluene solutions and dried under vacuum for one day at
room temperature. They were then annealed at 150 °C for
15 h under vacuum, cooled down to 40 °C, held at that
temperature for 3 h and quenched to room temperature.
Ultrathin sections (~40 nm thick) were obtained at
—120°C using a Leica Ultracut UCT Ultramicrotome
equipped with a diamond knife. The ultrathin sections
were subsequently stained using osmium tetroxide under
vacuum at room temperature. Transmission electron micro-
scopy (TEM) was performed in the bright field mode on a
Jeol JEM 1220, operating at 100 kV.

2.3. Atomic force microscopy

Thin films (approximate thickness 100 nm) were obtained
through spin coating at 2500 rpm for S;35B;5Csy and
3000 rpm for S,;B;5sCsg from 2 wt% toluene solutions on
silicon wafers, without previous treatment of the substrate
surface. Some of the films were used as cast after drying in a
vacuum oven at room temperature; other samples were
annealed at 150 °C for various times (5, 10 and 15 h).
After annealing, the films were quenched to room tempera-
ture. The sample surfaces were investigated using a Digital
Instruments multimode AFM with a Nanoscope Illa control-
ler. Topographic and phase images were recorded simulta-
neously using tapping mode with Si tips. Film thicknesses
were determined by AFM scans using the following proce-
dure: After scanning the sample in tapping mode, the sample
(~1 pm width) was scanned again in contact mode (but
using the same tapping tip). The tapping tip is too forceful
for contact mode AFM and so has the effect of scraping a
hole in the film. The AFM was converted back to tapping
mode and the sample was scanned again, but over a larger
area, typically 4 pwm width (Fig. 1(a)). Cross-section analy-
sis was then performed to measure the difference in height
between the inside and outside of the hole (Fig. 1(b)). The
height and distance differences between markers on the far
left and far right side of the cross-section was used to deter-
mine the (small) slope of the surface. This was then used to
correct for the difference in height between the markers each
side of an edge of the hole. A number of measurements
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Fig. 1. (a) Topographic AFM image of the surface obtained for S,;B;5sCsg
(spin coated on silicon and annealed at 150 °C for 15 h) (Fig. 9) after
scrapping a hole. (b) Cross-sectional line scan.

(2-10) around the edge of the hole were made and the
results were averaged. A blank test was performed on a
silicon wafer (with no polymer film) to ensure that the
AFM tip was not scraping its surface. The AFM calibration
was checked using a TGZO01 grid (from NT-MDT) and
found to be within 5% (i.e. less than the manufacturing
tolerance of the grid).

2.4. Differential scanning calorimetry (DSC)

PCL-block melting points and degree of crystallinity
were determined using a Perkin—Elmer DSC Pyris 1 at a
heating rate of 10 °C/min under a helium atmosphere. A
value of 163 J/em® was used for the melting enthalpy of
100% cPCL [29].

3. Results and discussion

We start our discussion by considering the bulk morphol-
ogy obtained for the S;B5Csg triblock copolymer by TEM,
because it will be used as a reference for the forthcoming
discussion of the AFM results. This triblock exhibits, under
the conditions mentioned in Section 2, a ll-morphology in
the bulk as can be observed in Fig. 2. Using OsOy as staining
agent, the polybutadiene block appears as dark lamellae of
thickness Lpg between grey polystyrene (Lps) and bright

Fig. 2. Transmission electron micrograph of S,7B5Css.

PCL (Lpcy) lamellae. A schematic description of this
morphology and the bulk long period is shown in Fig. 3.

As mentioned in Section 2, for the AFM studies topo-
graphic (height mode) and viscoelastic (phase mode) data
were recorded simultaneously. It should be noted that semi-
crystalline polymers are well suited for the use of the ‘phase
mode’ as the difference in viscoelastic properties between
crystalline and amorphous regions is large. This allows an
imaging mode, which is complementary to the more widely
used height imaging mode [16]. Therefore, in the specific
case of the triblock copolymers under study, we expect
phase contrast not only between the different chemical
components like PB/PS or PB/PCL, but also between the
amorphous PCL (aPCL) and cPCL regions. The latter is
possible due to the degree of crystallinity of the PCL
block of ~60% determined through DSC measurements
from samples treated similarly to the samples used for
AFM studies.

Fig. 4 shows a lamellar patterned surface for the as-cast
S,7B15Csg sample (without annealing). This pattern can only
be clearly appreciated in the phase image. Lamellae
oriented perpendicular to the surface can be identified, the
lamellae exhibiting some curvature. Two regions can be

Fig. 3. Schematic description of the 11-morphology. For S;B5Csg Ly =
93 £2nm, Lpg = 27 =3 nm, Lpg = 15 = 2 nm, Lpcy, = 30 £ 3 nm.
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Fig. 4. (a) Topographic (left) and phase (right) AFM images of the as-cast
S,7B15Csg sample on silicon. (b) Cross-sectional line scan of the upper part
of the phase image.

distinguished: in the bottom part of the figure the character-
istic distance appears to be larger. An accompanying line
scan for the upper part of the image defines an average
peak distance of d =24 £2nm corresponding to the
sequence of ‘hard’ and ‘soft’ regions indicated by ‘lines’
in the image.

To understand the origin of this pattern, the different ways
that such a copolymer can self-assemble on a substrate must
be considered. Taking as a reference the bulk morphology, a
schematic representation of three possible models is shown
in Fig. 5. Based on the viscoelastic properties of the compo-
nents we assumed the complex case in which there is no
phase contrast between PS and cPCL or between PB and
aPCL. Models A and B can be discarded because the aver-
age lateral period (L,) does not correspond at all to the bulk
long period dimensions (L), which corresponds to the
sequence ABCB... In this case the thickness of two bright
domains (PS and cPCL) and two dark domains (each one
composed of PB and aPCL) should be taken for the calcula-
tion of the lateral period (L;) in the AFM image (Fig. 5). A
value of L,= 48 nm is obtained, which is quite far from the
bulk long period (Ly) of 93 =2 nm determined through
TEM. Consequently, we have adopted model C. According
to the depth measurements performed through AFM, this
film has a thickness (4) of 122 * 4 nm. This value indicates
the presence of more than one layer of ABC molecules
arranged on the substrate. Although we have not investi-
gated directly how the film is organized beneath the surface,
it could be speculated, based on Ly and 4 that the film is
formed by three layers of ABC molecules, with slightly
tilted lamellae. In fact, the apparent larger long period
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Fig. 5. Schematic representations of the possible ordering of S,7B15Csg on a
substrate. AFM projections show the contrast that would be obtained in the
phase images of the surfaces. Three-dimensional structures show the
contrast that is obtained in the bulk after OsO, staining (PS: grey, PB:
black and PCL: white).

observed in some regions (bottom) of the phase image in
Fig. 4(a), could be explained by such a slight tilting of the
lamellae with respect to the substrate. Such tilting of the
lamellae on a substrate has been previously reported for
oxyethylene/oxybutylene block copolymers [17].

The same morphology can be observed in Fig. 6 when the
substrate was changed to mica. Nevertheless, we present
this figure because a better resolution of the phases could
be obtained, even making it possible to distinguish an
isolated lamella (see arrow) in the magnified image of
Fig. 6(b). The observation of T-shaped grain boundaries
[30] between lamellae is only likely within model C, since
the lamellae are oriented perpendicular to the substrate in
this model. Sharp changes in grain orientation would be
prohibited if block copolymer interfaces were perpendicular
to the surface as in models A or B. It is important to note this
arrangement is different from that proposed by Reiter et al.
[15,16] in hydrogenated polybutadiene-b-poly(ethylene
oxide) diblock copolymers, because when they were able
to distinguish a surface lamellar pattern, it was attributed to
a sequence of PEO and hPB lamellae, with a perpendicular
orientation of the block copolymer interfaces with respect to
the substrate. On the other hand, under conditions in which a
parallel orientation of the diblock copolymer interfaces was
proposed, they did not distinguish a lamellar pattern on the
surface. In our triblock copolymers we propose a parallel
orientation of the block copolymer interfaces with respect to
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Fig. 6. (a) Topographic (left) and phase (right) AFM images of the surface
obtained for Sy;B;sCsg spin coated on mica. (b) Magnification of (a).
(c) Cross-sectional line scan.

the substrate together with a surface lamellar pattern, which
is caused by sequences of aPCL and cPCL.

The cross-sectional analysis of this image (Fig. 6(c))
showed an average peak distance of d =20 = 2 nm, in
agreement with the results obtained on silicon. Due to the
high resolution obtained in this case, a more accurate
measurement of the crystalline lamella thickness could be
performed, leading to a value of ~11 nm. A rough calculus
of the theoretical lamellar thickness was performed using
the Thompson—Gibbs equation [31]

[ = 2aeTg/(AH21(T}; - Tm)) (1)

where T3 is the equilibrium melting point obtained for the
PCL-block of this copolymer (65.3 °C), T, is the dynamic
melting point measured by DSC after a similar thermal
treatment (57 °C), o is the fold surface energy, estimated
to be 4.469 X 10~° J/em? [32], AH_ is the melting enthalpy
for a 100% cPCL homopolymer (163 J/cm3) [29]. The
calculated value of 22 nm is twice that of the experimental

one. It is known that the Thompson—Gibbs equation can
overestimate the lamellar thickness due to the higher melt-
ing temperature (7},) of annealed crystals when the original
ones are unstable. Such a situation could have arisen here
from the fast solvent evaporation process used. In fact, this
process is probably responsible for the rough surfaces
obtained in the as-cast samples.

It has previously been shown that this material is able to
form spherulites under controlled crystallization conditions
[22]. In order to investigate this aspect, the spin-coated
sample on mica was directly observed under polarizing
light in the optical microscope. No spherulites were
observed (down to 4 pm). This is probably due to the fast
evaporation of the solvent. However, in the AFM images the
observation of some curving of the lamellae (as well as the
rough surface) could be a sign of incipient three-dimen-
sional ordering.

The crystalline stems are depicted in model C of Fig. 5
parallel to the lamellar surfaces, in contrast to the proposal
of Balsamo et al. [22], due to the fast crystallization process.
Under such conditions, the chain segments probably do not
have enough time to arrange themselves perpendicular to
the interface. It has been shown that the orientation of the
crystalline stems with respect to the interfaces depends on
the crystallization pathway and glass transition of the
amorphous components. In general, a restricted mobility
of the crystalline chains, caused by the presence of a glassy
amorphous component, by the crystallization conditions
(quenching) or by strong segregation of the blocks, leads
to a parallel orientation of the crystalline stems due to a
confinement effect [8—12,14]. In the specific case of the
S,7B5Csg triblock copolymer, there are some indications
that the chain segments could be aligned parallel or perpen-
dicular to the interfaces depending on the annealing time at
high temperatures in the melt [33].

It should be mentioned that some discrepancies between
the dimensions taken from the previous AFM and TEM
images could arise from the different crystallization condi-
tions. TEM images were obtained from samples crystallized
from the melt, whereas AFM images from samples which
rapidly crystallized from solution in the spin coating
process. Therefore, we prepared samples for AFM experi-
ments, which were annealed at 150 °C. However, it should
be taken into account that crystallization can also be
affected by the thickness of the samples when comparing
TEM with AFM results.

When the thin films deposited on silicon wafers were
annealed at 150 °C for 5 h, an apparent change of the surface
morphology occurred, as can be observed in Fig. 7, which
was obtained following a quench to room temperature.
Featureless islands are observed randomly located through-
out the surface. The cross-sectional analysis reveals an aver-
age height of the islands (84) of about 23 = 6 nm. The
surface of the underlying layer again exhibits a perpendicu-
lar lamellar structure.

In the ordered state, thin films of block copolymers form
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Fig. 7. (a) Topographic (left) and phase (right) AFM images of S,,B;5Csg
spin coated on silicon and annealed at 150 °C for 5 h. (b) Cross-sectional
line scan.

islands or holes (height or depth 8#), when the film thick-
ness (k) is incommensurate with the bulk long period, L.
The islands and holes are, therefore, created from excess
material not used to form a complete ordered layer [34].
In our case, the islands could be the result of such excess
material. Previous studies on amorphous AB and ABA
block copolymers [34—38] have shown that in the usual
case of asymmetric wetting the total film thickness is
defined by

h=n+12)L+ dh 2)

where 7 is an integer, L the bulk long period and the magni-
tude of 8k defines the features of the surface. Discrete holes
form when L/2 < 8h < L, whereas islands form when 0 <
8h < L/2. Under the assumption that the polar PCL is
attracted to the substrate (a fact that will be discussed
later) and knowing that the film thickness (h) is about
86 = 8 nm, a two layered structure can be predicted with
the formation of islands since 8% = 23 £ 6 nm < L/2. The
appearance of featureless (PS) islands when 84 << L/2 on top
of patterned perpendicular (PCL) lamellae can again be
rationalized using model C as is shown in Fig. 8.

Fig. 9 presents a similar morphology when the sample has
been annealed for a longer time (15 h). The height of the
islands is more uniform, with a smaller deviation from the
mean value, 87 =24 = 3nm. The film thickness was
113 = 5 nm. This could correspond to two ABC layers
with an additional top-layer formed by islands with 8k <
L/2, as expected. An analysis of the domain dimensions
shows a wide lamellar thickness distribution. This could
be attributed, as in Fig. 4, to an imperfect perpendicular
alignment of the lamellae in some regions, probably caused
by the opposing forces of microphase separation and
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Fig. 8. Schematic representation of islands on a PCL floor for the S,;B5Csg
copolymer.
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Fig. 9. (a) Topographic (left) and phase (right) AFM images of the surface
obtained for S,;BsCsg spin coated on silicon and annealed at 150 °C for
15 h. (b) Magnification of (a). (c) Cross-sectional line scan.
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Fig. 10. Transmission electron micrograph of S3sB;5sCsy.

crystallization. It should be remembered that this block
copolymer is able, under controlled crystallization condi-
tions, to destroy the microphase separated morphology to
build spherulites [19,22] In order to investigate whether
model C is applicable for block copolymers with a different
composition, we investigated the surface morphology of
S35B15Cso. In addition to the samples annealed for 5 and
15h at 150 °C, we used a shorter annealing time of 1 h.
This enabled information about the ordering kinetics of
the thin film morphology to be obtained. Before discussing
the AFM images, we present the bulk morphology of this
block copolymer. Fig. 10 shows that this block copolymer
exhibits a lc-morphology. Using OsO, as staining agent, the
polybutadiene block appears as dark cylinders of diameter
Dpg between grey polystyrene (Lps) and bright PCL (Lpcy)
lamellae. A schematic description of this morphology and
the corresponding domain dimensions are shown in Fig. 11.

AFM images of S35B5Cs annealed for 1 h at 150 °C are
shown in Fig. 12(a). A featureless surface is observed with
discrete holes randomly located throughout the film. Inter-
estingly, it is possible to observe in Fig. 12(b) as well as in

Fig. 11. Schematic description of the lc-morphology. For S35B15Cso Ly, =
55 *2nm, Lpg =30 £2nm, Dpg = 11 £ 1 nm, Dy, =25 = 3 nm Lpcp, =
27 = 2 nm.
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Fig. 12. (a) Topographic (left) and phase (right) AFM images of the surface
obtained for S35B5Cs spin coated on silicon and annealed at 150 °C for 1 h.
(b) Magnification of a hole. (c) Cross-sectional line scans for the topo-
graphic and phase images.

detail shown in Fig. 12(c) that the base of the holes reveals a
lamellar pattern with a characteristic period of about 22 nm.

To understand this pattern we present, as for the triblock
forming a ll-structure, the different ways that such a co-
polymer could self-assemble on a substrate. A schematic
representation is shown in Fig. 13. It is known that PB has
a lower surface tension than PS (ypg = 30 mN/m, yps =
40.7 mN/m) [29], then it would tend to segregate at the
surface. However, if it was on the surface as in model A,
it would be detected in the topographic images as higher
regions or in the phase images as dark spots [39]. Also, the
presence of PB on the surface would mean looping of this
block in the surface layer and the coexistence of the PS and
PCL blocks in the underlaying layer. For these reasons we
discarded model A.

The superficial characteristics shown in Fig. 12 lead us to
deduce that the surface of the top and underlying layers are
formed by PS (featureless) and PCL (lamellar), respec-
tively. A differentiation of the three components at the
bottom of the holes was not possible, as in the S»;B15Csg
sample. The lateral distance could not be correlated with
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Fig. 13. Schematic representations of the possible ordering of S;5B;5Cs on
a substrate.

the bulk long period assuming that the three components
were located in the surface of the underlying layer (for
example, model B). Therefore, the surface pattern can be
explained using model C of Fig. 13. A quantitative evalua-
tion of the depth of the holes using cross-sectional analysis
gave a result of about 13 £ 2 nm. Taking into account the
bulk long period L. of 55 nm, there is an apparent contra-
diction since for 0 < 8k << L/2 a pattern with holes is not
expected. In order to explain this result, we annealed
another sample for a longer time (15h). AFM images
presented in Fig. 14 indicate that the morphology is basi-
cally the same, i.e. holes are formed throughout the top
layer, in the bottom of which a lamellar pattern can be
distinguished. Nevertheless, in contrast to the sample
annealed only for 1 h (Fig. 12), the one annealed for 15 h
(Fig. 14) shows a mean hole depth of 23 * 4 nm. This value
almost exactly corresponds to L/2 and a layer with holes or
islands could be expected.

The mean depth of the holes formed through the top layer
was 13 £2nm for the sample annealed only for 1h
(Fig. 12). This value agrees very well with half the PS
layer. Consequently, we speculate that an annealing time
of 1 h was not enough for the chains to completely reptate
to the surface and form another ABC layer, and that the PCL
blocks of two chains crystallized in an interdigitated
fashion, as is depicted schematically in Fig. 15. A similar
interdigitation has been previously reported by Reiter et al.
[16] for a hydrogenated polybutadiene-b-poly(ethylene
oxide) diblock copolymer.
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Fig. 14. (a) Topographic (left) and phase (right) AFM images of the surface
obtained for S3;5B;5Cso spin coated on silicon and annealed at 150 °C for
15 h. Three-dimensional view (b) and cross-sectional line scan (c) of the
topographic image.

In the image of Fig. 12(b) a detailed analysis of a hole could
be performed. It is possible to identify a sequence of bright and
dark lines corresponding, according to model C, to cPCL and
aPCL regions. As mentioned earlier, a characteristic distance
of ~22 nm was obtained, very similar to that for S,;B;sCsg.
This is in agreement with the similar melting points deter-
mined from DSC measurements on samples of both copoly-
mers, which were subjected to the same thermal treatments
as for the AFM observations (7}, (S»7B15Csg) = 56.5 = 0.3 °C,
Trn (S35B15C50) =556=%0.3 OC).

The surface tension of cPCL lamellae in the bulk for
S,7B15Csg has been found to be around 6.36 mN/m for the
lateral surface and 44.7 mN/m for the fold surface [32]. The
latter value is higher than the corresponding one for a PCL
homopolymer (106 mN/m) [29]. Comparing these results to
the values for PS and PB at room temperature (ypg =
30 mN/m, ypg = 40.7 mN/m) [29], it could be predicted
that the lateral surfaces of PCL lamellae would be prefer-
entially exposed to air, in contrast to the PCL fold surfaces
and PS and PB. In fact, sequences of bright and dark lines
corresponding to vertically aligned PCL lamellae were
observed on the surfaces of the investigated triblock
copolymer films. Nevertheless, when the samples were
annealed at high temperature, it was observed that the PS
covers the surface partially. This suggests that there are
other parameters determining the surface structure. Within
these factors, the preferential adsorption of the polar PCL on
substrates should be considered when crystallization takes
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Fig. 15. Schematic drawing of PCL interdigitation.

place after having treated the sample at 150 °C for sufficient
time. In the specific case of the silicon substrates, it should
be noted that they were used without previous cleaning.
Consequently, it is assumed that native SiO, layers were
present. On the other hand, it has been demonstrated that
dispersed silica in PCL homopolymer acts as a nucleating
agent for this polymer [40]. Therefore, it is reasonable to
assume that the PCL block will be preferentially adsorbed
on the substrate. With this fact in mind, the presence of PCL
or PS on the surfaces will depend, then, on the commensur-
ability between the total film thickness (%) and the long
period (L). Taking into account, as mentioned previously,
that one layer corresponds to an ABC sequence, asymme-
trical (odd) layer numbers will produce a PS surface with
holes or islands. Symmetrical (even) layer numbers will
produce a PCL surface with holes or islands.

4. Conclusions

The use of AFM led us to demonstrate that spin
coated thin films of polystyrene-b-polybutadiene-b-
poly(e-caprolactone) ABC triblock copolymers are able
to build lamellar patterned surfaces. Such patterns are
developed from as-cast as well as from samples which
were annealed and quenched to room temperature. The
coexistence of islands or holes with such lamellar patterns
was also observed.

The studied copolymers exhibit 11- and lc-morphologies
in the bulk. Based on these morphologies and on the micro-
domain dimensions obtained from TEM and AFM measure-
ments, we proposed a model for each morphology that could
explain the patterned surfaces. By comparing the character-

istic lateral distances obtained from AFM and the long
period obtained from TEM, we interpret that the lamellae
are built by sequences of aPCL and cPCL and that the block
copolymer interfaces are parallel to the substrate, reason for
why the other components cannot be detected on the
surfaces, as shown in models C. The observation of T-
shaped grain boundaries between lamellae supports this
interpretation. Sharp changes in grain orientation would
be prohibited if block copolymer interfaces were perpendi-
cular to the surface as is depicted in models A and B. This
interpretation is supported by energetic considerations that
indicate that the lateral surfaces of PCL lamellae would be
preferentially exposed to air, in contrast to PCL fold
surfaces and PS and PB. Nevertheless, the presence of
PCL or PS on the surfaces will also depend on the commen-
surability between the total film thickness (#) and the long
period (L). An asymmetrical (odd) layer numbers will
produce a PS surface with PCL lamellar patterned holes
or islands. A symmetrical (even) layer numbers will
produce a PCL lamellar patterned surface with featureless
unpatterned holes or islands. All these facts could be ratio-
nalized by using model C.

How the surfaces can change varying the crystallization
conditions is now under research and will be subject of
future works.
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