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Abstract

The morphology of as-cast and annealed thin films of four symmetric semicrystalline block copolymers on mica was investigated by tapping
mode atomic force microscopy (AFM) and grazing incidence X-ray diffraction (XRD). It is found that the morphology of the thin films is de-
pendent on chain length of oxyethylene/oxybutylene block copolymers. The as-cast thin films of the shorter E, B,, block copolymers on mica
exhibit a multi-layered lamellar structure parallel to the surface, in which the stems of the E crystals in the first half polymer layer contacting
mica are parallel to the mica surface and perpendicular to the mica surface in the upper polymer layers. In contrast, the as-cast thin film of longer
E»4B114 exhibits a structure with mixed orientations of lamellar microdomains on a half polymer layer parallel to the surface. After annealing,
the multi-layered structure on mica is transformed into a half-layered, densely branched structure, which is formed following a diffusion-limited
aggregation mechanism, opposed to the featureless half-layered structure on silicon. Upon annealing, the upper polymer layers gradually retreat
and the remaining area becomes thicker, but in contrast the first half polymer layer contacting mica becomes thinner due to wetting and the
parallel orientation of the E crystal stems. The densely branched structure and the different chain orientations of the E crystal stems in the first
half polymer layer contacting mica are attributed to the strong interaction between the E block and mica, as revealed by our previous work. The
width of branches was employed to analyze the kinetics of secondary crystallization. It is also found that the width of the branches and the
velocity of crystal front decrease as the chain length increases.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction preparation conditions and thermal history. The chain length

of block copolymer determines not only the size of micro-

Block copolymer thin films attract increasing attention due to
their ability to self-assemble into a plethora of patterns, which
are dependent on components and composition of the block co-
polymers, boundary condition and fabrication process [1—36].
The morphology of block copolymer thin films depends on
many factors, such as polymer structure, surface property,
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phase-separated domains, but also the segregation strength.
The segregation strength plays an important role in the forma-
tion of microphase-separated morphology, especially for semi-
crystalline block copolymer. When the block copolymer
contains a crystallizable component, microphase separation
will compete or couple with crystallization. It has been revealed
in bulk that strong segregation may lead to confined crystalliza-
tion for a crystalline/rubbery block copolymer, but microphase
separation in the melt can be destroyed by crystallization
when the segregation strength is weak [37,38]. When micro-
phase separation and crystallization take place simultaneously,
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there may also be a coupling effect between them [39,40].
Herein we report the effect of segregation strength on thin film
morphology of semicrystalline block copolymers. Moreover,
the substrate surface is well recognized as a crucial parameter
affecting thin film morphology. The effect of surface properties
of substrates on self-assembly of block copolymer thin film has
been well understood for amorphous block copolymers [41—
46]. For semicrystalline block copolymers, however, the situa-
tion is more complicated, since there is not only the orientation
of block copolymer to consider, but also crystallization pro-
cesses, such as nucleation and growth, may be influenced by
the substrate surface. In our previous work [47], we studied
the morphology of multi-layered E,,B,, thin films on mica and
found that the strong interaction between the crystalline E block
and mica led to the chain orientation of the E crystal stems par-
allel to the substrate surface in the first half polymer layer con-
tacting mica, which is different from the chain orientation in the
other polymer layers, as well as from that in the first half poly-
mer layer on silicon [47]. In this paper, we study the morphology
of half-layered E,,B,, thin films on mica so that the effect of in-
teraction between the E block and mica on thin film morphology
can be well characterized. For the purpose of comparison, mor-
phology of the as-cast thin films of E,,B,, on mica was also
reported.

2. Experimental
2.1. Materials

The synthesis and characterization of oxyethylene/oxybuty-
lene block COpOlyIners, E76B33, E114B56, E155B76 and E224B113
(where E and B denote oxyethylene and oxybutylene units, re-
spectively, and denoted as E,,B,,, the subscripts refer to the aver-
age degree of polymerization), have been described elsewhere
[48—50]. All the block copolymers have narrow molecular weight
distributions (M/M,, < 1.05) determined by GPC and have
a lamellar morphology in both the solid and liquid bulk phases.
Parameters of the block copolymers are summarized in Table 1.

2.2. Preparation of block copolymer thin films

Block copolymer thin films were prepared by spin-coating
E,.B,, block copolymer/dichloromethane solution (0.5 w/v%)

Table 1

Parameters of E,,B,, diblock copolymers

Copolymer  ¢g* (solid  wg” (solid ~ Long period in T (°C)  Ny*

state) state) the bulk Ly (nm)

E76Bag 0.49 0.55 16.7 35 19.9
E;14Bse 0.50 0.55 19.8 38 29.7
E;ssB76 0.50 0.56 22.0 40 40.4
E»4Bii3 0.49 0.55 333 43 58.9

& g = n/[n + (72/44)(1.23/0.97)m], ¢: the volume fraction of the E block,
1.23 g/cm?® being the density of E in the crystalline state and 0.97 g/cm?® the
density of B in the liquid state, both at 20 °C.

> wg = nl[n + (72/44)m], wg: the weight fraction of the E block.

¢ T, at cooling rate of 10 °C/min.

d x: calculated for E,B,, diblock copolymer bulk at 20 °C [50].

on mica. The uppermost layers of mica were cleaved and
the block copolymers were spin-coated on the clean and fresh
mica surface. Solvent was allowed to evaporate simulta-
neously during spin-coating process. Annealing of diblock co-
polymer thin film was conducted at 35 °C for various times
under vacuum (10 torr). After annealing of the thin films,
AFM experiment was conducted immediately.

2.3. Atomic force microscopy (AFM)

The thin film morphology of E, B, block copolymers was
investigated by atomic force microscopy (SPA 300HV/
SPI3800N Probe Station, Seiko instruments Inc., Japan) in
the tapping mode. A silicon micro-cantilever with a spring
constant 16 N/m and resonance frequency ~ 138 kHz was
used. The scan rate ranged from 0.5 to 2.0 Hz to optimize
the quality of AFM image. The set-point ratio, the ratio be-
tween the set-point amplitude and the free vibration amplitude
(the lowest amplitude when tip and sample are not in contact),
was chosen to be ~0.8. Parameters characterizing the feature
of thin film such as thickness of lamellar and difference of
phase shift were obtained directly from cross-sectional pro-
files. In order to ensure the repeatability of the data, cross-sec-
tional profiles from different area of height or phase images
were necessary. At least 10 values were obtained for each
parameter.

2.4. Grazing incidence X-ray diffraction (GIXRD)

Grazing incidence techniques were carried out to investi-
gate the crystal structure of the block copolymer thin films
at room temperature. A BEDE D1 high-resolution X-ray dif-
fractometer equipped with a Cu Ka radiation source was
used. The diffracted beam is in the plane defined by the inci-
dence beam and the surface normal. This geometry is sensitive
to the structure parallel to the surface. Different grazing inci-
dence angles ranging from 0.2° to 0.8° were tested. The XRD
curves were scanned in the 26 range of 3.0—30°.

3. Results and discussion
3.1. Morphology of the as-cast thin films

Fig. 1 shows the AFM height image and corresponding
cross-sectional profile of as-cast E;¢Bsg thin film on mica. It
is observed that the as-cast E;¢Bsg thin film on mica is com-
posed of multiple polymer layers parallel to the mica surface
with two series of thickness, L (16 nm and 8.8 nm, respec-
tively), which are close to the long period Ly (16.7 nm) and
1/2L of crystallized E;¢Bsg in the bulk, respectively [51]. In
block copolymer thin films, polymer layers usually exhibit
two series of thickness depending on the symmetry of thin
films: xL for symmetrical wetting or (x + 1/2)L for asymmet-
rical wetting (where L is the long period of block copolymer
in bulk and x is an integer) [4]. When the thickness of the thin
film does not meet this condition, films with x > 1 form rough
surfaces with holes and islands, whereas in films thinner than
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Fig. 1. AFM height image (a) and cross-sectional profile (b) of as-cast E;¢Bsg thin film. The arrow indicates the hole throughout the polymer thin film.

x =1, dewetting will take place. In the present work, the hy-
drophilic E block and hydrophobic B block are located at
polymer/mica and polymer/air interfaces, respectively, so the
top of the mica surface is a half polymer layer. We also ob-
served some polymer layers with thickness of Ly/2 besides
the first layer on the substrate. This indicates that the crystal-
line domains are possibly composed of double crystalline
layers somewhere in the as-cast E;¢B3g thin films [52]. The
displacement between the two adjacent crystalline layers leads
to the polymer layers of the thickness Ly/2. However, consid-
ering that it is difficult for the polymer chains to reach thermo-
dynamic equilibrium in the as-cast thin films, parts of the E
blocks inevitably interconnect the double crystalline layers
and somewhere the crystalline domains may be composed of
single crystalline layer. The as-cast E14Bs¢ and E;55B7¢ thin
films on mica exhibit a similar structure.

For the as-cast E,»4B 5 thin film on mica, the overall mor-
phology is still multi-layered with a half polymer layer con-
tacting the mica surface (Fig. 2a and b) composed of
multiple polymer layers parallel to the mica surface with
two series of thickness, L (29 nm and 15 nm, respectively),
which are close to the long period L, (33.3 nm) and 1/2L, of
crystallized E,,4Bq;5 in the bulk, respectively. However, we
also observe a periodical structure parallel to the surface
(Fig. 2a and b), showing that the microphase-separated lamel-
lar microdomains are also perpendicular to the surface at an
even closer match to Ly (33.8 nm). As a result, the morphology
of as-cast E,,4B 13 thin film comprises lamellar microdomains
with mixed orientations (both perpendicular and parallel) on
a half polymer layer parallel to the mica surface.

Grazing incidence X-ray diffraction (GIXRD) was used to
probe the chain orientation of the crystal stems. Experiments
at various incidence angles (a;) were conducted so that chain
orientation in different polymer layers can be determined. At
a larger incidence angle X-ray can penetrate thicker polymer
layers, while at a smaller incidence angle only chain

orientation of polymer crystals in the upper polymer layers
can be probed due to the smaller penetration depth of X-ray.
Fig. 3 shows the GIXRD curves of the as-cast E,,B,, thin films
at a;=0.6° and ;=0.2°. According to the geometry of
GIXRD, only structures parallel to the substrate surface can
be detected [53—55]. One can see that at a; = 0.6° the reflec-
tion (120) of PEO crystals is observed for the as-cast thin films
of all four E,,B,, block copolymers, whereas at @; = 0.2° the re-
flection (120) of PEO crystals only appears in the GIXRD
curve of as-cast E,,4B;3 thin film. The GIXRD result shows
that in the as-cast thin films of shorter E,B, (E;¢Bss,
E 14Bs¢ and E;55B76) the chain orientation of the E crystal
stems in the first half polymer layer contacting mica surface
is parallel to the substrate, while in the upper polymer layers
the stems of E crystals are perpendicular to the substrate.
For the long E»,4B13, there also exist stems of the E crystals
parallel to the substrate surface in the upper polymer layers,
which is in accordance with AFM observation. The morphol-
ogy with mixed orientations has also been reported for the thin
films of semicrystalline poly(styrene)-b-poly(L-lactide) block
copolymer [56]. The combination of AFM and GIXRD results
leads to a model of the structures of the as-cast thin films of
shorter and longer E,,B,, block copolymers shown schemati-
cally in Fig. 4.

When compared with the as-cast thin film morphology of
E, B, on silicon, two differences are noticed. First, the chain
orientation of the E crystal stems in the first half polymer layer
contacting the substrates has changed. The stems of the E crys-
tals are parallel to the surface of mica, but perpendicular to the
surface of silicon. This difference arises from the strong inter-
action between the surface of mica and the E block. It is well
known that mica is a layered silicate and contains different
kinds of cations, especially lots of K*, and the oxygen atoms
in the E block coordinate with these cations [S7—59], in a man-
ner analogous to the chelation of cations by crown-ethers
which are cyclic E,,. This was verified by infrared spectra in
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Fig. 2. AFM images and cross-sectional profiles of the as-cast E,,4B;3 thin film. (a) Height image; (b) cross-sectional profile along the line in (a); (c) phase image

of the white box in (a); (d) cross-sectional profile along the line in (c).

our previous work [47]. Secondly, whilst all of the lamellar
microdomains of E,y4By3 are perpendicular to the substrate
surface in the thin film on silicon, the lamellar microdomains
of the upper polymer layers on mica are only partially perpen-
dicular to the substrate surface. The stems of the E crystal in
the first half polymer layer contacting mica and partial stems
in the upper polymer layers are still parallel to the mica sur-
face. This is a result of competition between the favorable sur-
face interaction with the E block and microphase separation.
The attraction between the E block and the mica surface in-
duces the lamellar microdomains in the first polymer layer
to orient parallel to the mica surface and the lamellar microdo-
mains in the upper polymer layers tend to adopt the same ori-
entation to minimize the unfavorable interaction between the
E and B blocks. Conversely the high segregation strength
tends to orient the lamellar microdomains perpendicular to
the mica surface. Therefore, mixed orientations of the lamellar
microdomains occur in the upper polymer layers on mica.

3.2. Morphology of the annealed thin films

The AFM images of the annealed E,B, thin films are
shown in Fig. 5. The height image shows that all the annealed
E,B, thin films exhibit a densely branched morphology. Such
a densely branched morphology is frequently observed in thin
films of poly(ethylene oxide) homopolymer [36,60] and its
blends [61]. In annealed thin films of E,,B,, the lamellar micro-
domains orientate parallel to the mica surface, since no periodi-
cal structure is observed in the direction parallel to the mica
surface. This conclusion is further supported by the observa-
tion of a densely branched structure, which is typically formed
by adsorption and crystallization. If the lamellar microdo-
mains were perpendicular to the mica surface, the B block
would also be located at the mica surface and the densely
branched structure could not be formed. The cross-sectional
profile reveals that the annealed E, B, thin films comprise
single half polymer layer. This shows that morphological
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Fig. 3. Grazing incidence X-ray diffraction curves of the as-cast E,,B, thin
films on mica at incident angles ¢; = 0.6° (a) and @; =0.2° (b).

transformation from a multi-layered structure into a half-lay-
ered lamellar structure occurs for all E,,B,, block copolymers
during annealing. This process involves mass transport be-
tween the different layers. It should be noted that the E domain
in the first half layer and the E domain in the upper layer are
spaced by an amorphous poly(oxybutylene) domain, which is
formed by microphase separation. This indicates that the sec-
ondary crystallization of the E block during annealing over-
comes microphase separation and dominates re-organization

Fig. 4. Schematic structures of the as-cast E;¢Bsg (a) and E;4B113 (b) thin
films on mica.

of thin films. Fig. 6 shows the GIXRD curves of the annealed
E,,B,, thin films on mica. One can see that even at ¢; = 0.2° the
(120) reflections are observed for all E,,B,, thin films, showing
that the stems of the E crystals in the half-layered polymer thin
films on mica are still parallel to the mica surface.

In contrast to the half-layered and densely branched mor-
phology of the annealed E,,B,, thin films on mica, multi-lay-
ered structure is formed for shorter E,,B, block copolymer
thin films on silicon and spherulite morphology is formed
for the annealed E,»4B1;3 thin film on silicon [52]. It should
be noted that the thin films of E, B, block copolymers on
mica and on silicon are prepared under the same conditions.
The formation of half-layered polymer thin film on mica but
multi-layered structure on silicon shows that the wetting of
E,.B, block copolymers on mica is more favorable, thus the
polymers on the upper layer migrate completely to the first
half layer. When thin films of the shorter E,,B,, block copoly-
mers (E7¢B3zs, Ej14Bse, Ei55B76) on silicon are prepared at
a lower concentration (0.1 wt/v%), featureless half-layered
structure is formed for annealed thin films, as shown in
Fig. 7. The densely branched structure of E,,B,, ultra-thin films
is typically formed via a diffusion-limited aggregation (DLA)
mechanism [62,63]. During secondary crystallization of E,,B,,
thin films, the E crystals grow by attaching the macromole-
cules diffusing towards the edge of crystal. When crystalliza-
tion rate is faster than the diffusion rate, depletion zones may
be produced at the frontiers of crystallization and the densely
branched structure is formed. That no densely branched struc-
ture is formed for the E,,B, block thin films on silicon indi-
cates that the diffusion rate of E,B, is larger than the
crystallization rate at the same crystallization conditions. Ob-
viously the strong interaction between the E blocks and mica
may be responsible for the slower diffusion rate of E,B, on
mica.

3.3. Morphological transformation upon annealing

Fig. 8 shows that the AFM images of E,,4B ;3 thin film an-
nealed at 35 °C for various times. One can see from Fig. 8 that
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Fig. 5. AFM height images of annealed E,,B,, thin films spin-coated on mica from solution at concentration of 0.5 wt/v% after annealing at 35 °C for 30 h. (a)
E76B3s; (b) Ei14Bse; (¢) Ei55B76; (d) E224Bi1.

a process akin to dewetting occurs for the upper polymer  migrate to the first half polymer layer contacting the mica sur-
layers upon annealing. As annealing progresses, polymers in face during annealing, increasing the total area of coverage.
the upper layers become fewer and fewer and finally they dis- Furthermore cracks also appear in the first half polymer layer
appear. This shows that the polymers at the upper layers  upon annealing and these cracks become larger with progress
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Fig. 6. Grazing incidence X-ray diffraction curves of the annealed E,B,, thin
films on mica at incident angle @; = 0.2°.

of annealing and there is a corresponding decrease in the
thickness of the first half polymer during annealing. Based
on the conservation of mass, the only explanation for this phe-
nomenon is that the first half polymer layer spreads on the
mica surface during annealing. This is understandable, since
there exists a favorable interaction between the E block with
mica and wetting will take place upon annealing. The varia-
tions of the thicknesses of the first half layer and the upper
layer with annealing time are illustrated in Figs. 9 and 10, re-
spectively. One can see from Fig. 9 that the thickness of the
first half polymer layer decreases gradually during annealing.
Such a trend is more evident for the longer block copolymer.
In contrast, the thickness of upper polymer layer increases
with annealing time and there is a larger increase in the thick-
ness for the longer block copolymers (Fig. 10). Annealing usu-
ally leads to increase in crystallinity and the long period of the
lamellar microdomains becomes larger accordingly. In the up-
per polymer layers, the stems of the E crystals are perpendic-
ular to the mica surface and the lamellar microdomains are
parallel to the mica surface and thus the increase in thin film
thickness reflects the increase of long period. In the first half
polymer layer contacting mica, since both the stems of the E
crystals and the lamellar microdomains are parallel to the
mica surface, annealing and dewetting lead to thinning of
this half polymer layer.

3.4. Kinetics of secondary crystallization

Since annealing leads to morphological transformation from
multi-layered structure into half-layered densely branched
structure, secondary crystallization takes place upon annealing.
The width of branches formed upon annealing can be used to
analyze kinetics of secondary crystallization. Comparing the
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Fig. 7. AFM height image of half-layered E;¢Bsg thin film on silicon prepared
at a lower concentration (0.1 wt/v%).

annealed thin films of different E,,B, block copolymers, one
can see that the width of the branches decreases as the chain
length increases, as shown in Fig. 11.

Crystals constrained into thin films grow by attaching mol-
ecules arriving at the edge of the crystals by diffusion. If the
probability for desorption from the crystals is low, the mole-
cules will attach to points at the crystal frontier, where they ar-
rive first, and eventually the densely branched or fractal
patterns are formed. Here, we will focus on the width of the
fingers. To ensure the reliability of the analysis, only the
well-developed fingers with constant width over a large dis-
tance are statistically analyzed.

The probability that a molecule detaches from (Py) or rests
at (P,) the crystals can be expressed as [64]:

Py~exp(— A /kgT) ~exp( — ATAhy, /ksTOT) (1)
P.=1-P, (2)

where Af;, and Ah,, are the free energy and the heat of fusion
per unit volume, respectively. AT is the difference between the
equilibrium melting temperature T and the crystallization
temperature T and kg is Boltzmann constant.

dz ~stTa~stTc/(1 _Pd) ~stTc/Pr~stTc/
[1 —exp(—CiAT/T)] (3)
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Fig. 8. AFM height images of E;»4B 3 thin film on mica at various annealing times.

where d is the width of the depleted zone. Dy and 7, are the a molecule to move from one site to its neighboring site. The
diffusion coefficient and the average time a polymer needs velocity of the crystal front, v, can be expressed as [65,66]:
to get attached to the crystal. f is the accumulation factor,

the ratio of surface occupied by the adsorbed and a crystallized

molecule. C; = Ah,/kgT,, and 7 is the characteristic time for v~ (D/fT a)l/z (4)



G.-D. Liang et al. | Polymer 48 (2007) 7201—7210 7209

—a— E,4Byg
"' —— Eq14Bs

—&— Ey55B76
14 — —¥— Ex4Byi3

-
N

Lamellar thickness (nm)

-
o

0 10 20 30
Annealing time (h)

Fig. 9. Variation of the thickness of the first half polymer layer contacting the
surface upon annealing for the E,,B,, thin films on mica.

Thus the width of the depleted zone d can be related to D and v.
d~Dy/v (5)

There exists positive linear relation between the average width
of the fingers w and d.
So one can obtain:

w~Dg/v (6)
T
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Fig. 10. Variation of the thickness of the upper polymer layer upon annealing
for the E,,B,, thin films on mica.
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Table 2

Values of wM? for E,B,, block copolymer thin films

Sample w* (nm) M (g/mol) wM?* x 1074
E;6B3s 1020 £ 50 6082 3.71
E|14Bse 696 + 32 9050 5.70

E s5B76 396 £+ 20 12,294 5.98
E»4Biis 218 +£21 17,994 7.06

? Width of branches w is measured directly from cross-sectional profile of
every annealed thin film. To make sure the creditability of analysis, only the
well-developed branches with constant width over a large distance are used
for statistics. At least 10 values at different areas are required to determine
its average value.

If we estimate the diffusion coefficient D to go with
D, ~ M2 [67], we obtain:

wM?*~1/v (7)

The values of wM? for E,,B,, diblock copolymer thin films af-
ter annealing are summarized in Table 2. It is found that the
values of wM? increase with the increase of the chain length.
The value of wM? for E>>4B15 is nearly twice that for
E;¢Bsg, indicating that the velocity of crystal front for
E»,4B115 thin film is only half of that for E;¢Bsg thin film.

4. Conclusion

The as-cast thin films of shorter E,,B,, (E-sBsg, E114Bs¢ and
E55B76) on mica exhibit a multi-layered structure with lamel-
lar microdomains parallel to the surface. In the as-cast thin
film of the longer polymer E;;4B;;3, the lamellar microdo-
mains in the upper polymer layers exhibit mixed orientations
of parallel and perpendicular to the surface. In the first half
polymer layer contacting mica the stems of the E crystals
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are parallel to the mica surface in all the E, B, thin films
whereas the upper layers have a perpendicular orientation. An-
nealing leads to the formation of a half-layered, densely
branched structure for thin films of all E,,B,, block copolymers
on mica, in contrast to the featureless half-layered structure on
silicon. During annealing, the polymers in the upper layers mi-
grate to the bottom layer and the upper layers disappear grad-
ually. The thickness of the upper polymer layers becomes
larger but the thickness of the first half polymer contacting
mica becomes smaller upon annealing. In both the cases the
reason for this is lamellar thickening. In the first half layer
where the stems are parallel to mica lamellar thickening leads
to spreading and half-layer thinning whereas in the upper layer
the islands contact but get thicker. The densely branched struc-
ture and the different chain orientation of the E crystal stems
in the first half polymer layer contacting mica are attributed to
the strong interaction between the E block and mica. It is also
found that the width of the branches and the velocity of crystal
front decrease as the chain length increases.
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