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ABSTRACT: Thin film morphologies of four symmetric semicrystalline oxyethylene/oxybutylene diblock
copolymers (EsBss, E11Bs6, E1s8B76, and E24B113) were investigated by tapping mode atomic force microscopy
(AFM). The effects of chain length, annealing, and surface property were examined. It is found that the lamellar
orientation of the nascent block copolymer thin film varies with chain length. For low molar mass block copolymers
(E7eBss, E114Bss, and BsB7e), the lamellar orientation is parallel to the silicon surface, but for the high molar
mass block copolymer, J&Bi13 the lamellar orientation is perpendicular to the silicon surface. The nascent
block copolymer thin films of the low molar mass block copolymers are composed of multiple polymer layers
with mixed thicknessek ~ Lo andL ~ Y/,L,, whereL, is the long period of the block copolymers in the bulk.

The existence of polymer layers with~ 1/;L, besides the first layer on the substrate surface indicates that the
crystalline domain consists of double crystalline layers, and parts of the poly(oxyethylene) block can also be
located at the polymer/air interface. Annealing leads to the disappearance of the metastable polymer layer of
thicknessL ~ Ly/2 via a morphological transformation involving different polymer layers and slight increase in
lamellar thickness. The heterogeneities on the substrate surface can nucleate crystallization of block copolymer
thin film during annealing when the lamellar structure is perpendicular to the surface, leading to formation of
spherulites. The silicon surface was modified by grafting a monolayer of hydrophobic silane. On the modified
surface, the lamellar structure of,B;13 becomes parallel to the surface, and the nucleation effect of the
heterogeneities on crystallization of poly(oxyethylene) block is suppressed.

Introduction —_ —

Block copolymer thin films have attracted increasing attention
because of their potential technological applications such as
lithographic masks and photonic materitié Block copolymer L Lo
thin film is often characterized by highly oriented domains,
which are the direct result of minimization in surface and
interface energy. Lamellar structures with orientation both
parallel and perpendicular to the substrate surface can be formed
! . > v v
in symmetric block copolymer thin films. For lamellar structures -
parallel to the substrate surface, the morphology develops (a) (b)
through the surface and substrate boundary condition thatrigre 1. Two model structures for semicrystalline diblock copoly-
demands the most energetically compatible block to be ex- mers.
pressed at each surface. In the systems with a small surface
free energy differenceAy) and a high degree of microphase orientation of the lamellar structure but also orientation of crystal
separation, formation of thin films with lamellar structure stems needs to be considered. Some authors have reported thin
perpendicular to the substrate surface is also possible. film morphology of semicrystalline block copolymers, including

Crystallization can also be viewed as one of the driving forces orientation of microphase-separated domain at large $¢&1&
of self-assembly. When combined with microphase separation registration of crystalline stemé; ¢ nucleation mechanism and
and surface tension, crystallization can be used to control thin growth kinetics}’~*° and morphological reorganizatidh?! It
film morphology of semicrystalline block copolymetst has also been shown that the thin film morphology of semi-
However, formation of thin film structure of semicrystalline crystalline block copolymers strongly depends on crystallization
block copolymers is very complicated. First, polymer crystallizes conditions such as thermal history, solvent, and anne#iffg?
in a confined two-dimensional space in the thin fif.Under Despite the work mentioned above, there are still some
such circumstance, crystallization processes and the finalunresolved problems in thin films of semicrystalline block
morphology of semicrystalline block copolymer may be quite copolymers. There are at least two possible structures for thin
different from that in bulk due to the contributions of surface film of semicrystalline block copolymers, as shown in Figure
energy and two-dimensional confinement. Second, not only 1:14%6728 one containing single crystalline layer and the other

containing double crystalline layers. These two structures are

* Corresponding author: Fax+86-571-87952400; e-mail xuit@  difficult to distinguish. In the literature, both structure models
zju.edu.cn. are adopted by different authors, but generally no direct evidence
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is presented*26-28 Moreover, it has been found the relative Table 1. Parameters of EB, Diblock Copolymers
segregation strength, expressed as the ydigNopT (Wherey b Web long period in

is the Flory-Huggins interaction parameter aNds the degree copolymers (solid state) (solid state) bulk Lo (nm) Tc(°C)° Ny
of polymerization), has a tremendous influence on crystallization g, g, 0.49 055 16.7 35  19.9
and morphology of block copolymers in bui3° Similarly, E118s6 0.50 0.55 19.8 38 297
cylinder and lamellar orientation in thin films of amorphous  EissB7s 0.50 0.56 22.0 40 404
block copolymer also depends on molecular weight (a segrega- E22813 0.49 0.55 33.3 43 589
tion strength effecty But so far the effect of segregation ape = m/[m+ (72/44)(1.23/0.9H], ¢e = the volume fraction of the E

Strength on thin film morpho|ogy of Semicrysta”ine block block, 1.23 g/Cfﬁ being the density of E in the crystalline state and 0.97

; : i g/cm? the density of B in the liquid state, both at 2G. P we = nV[m +
copolymer is rarely reportedf.Herein we study the thin film (72/44], weg = the weight fraction of the E block.T: at cooling rate of

morphology of four symmetric oxyethylene/oxybutylene diblock 19 °c/min.dy: calculated for EB, diblock copolymer bulk at 20C.
copolymers with different chain lengths. Since large segregation

strength together with two-dimensional thin film morphology =~ Water Contact Angle Measurement The axisymmetric drop
acts as a strong confinement on crystallizafih3%and reduces ~ shape analysis profile was used to determine the contact angles
the variation in morphology, we chose a series of semicrystalline from the shape of axisymmetric sessile drops. The strategy used is
block copolymers with different segregation strengths. When taocggtrr(]j?nzht?)ptﬁgﬁﬁ:égggﬁtg?g?ég:)ki};trnsorrerﬂecs\};tgpcgmglc;et
g[?/esrgzlthhzxag:/;rll\lgi:qgse:‘;;:ce);ismc;gls;ag;})trk;sr::jatllj\g/etﬁggcriigﬁggnangle method is employed to determine hydrophilicity of substrates

A o ) o~ - such as silicon and modified silicon wafers. At least 10 values were
of polymerization, agNopr is invariant. As anticipated, different  gptained for each substrate sample.

thin film morphologies can be obtained by regulating the relative  Atomic Force Microscopy (AFM). The thin film morphology
strength of crystallization, surface tension, and segregation of of E.B, block copolymers was investigated by atomic force
the two unlike blocks; hence, the effects of annealing and microscopy (SPA 300HV/SPI3800N Probe Station, Seiko Instru-
modification of substrate surface on thin film morphology were ments Inc., Japan) in the tapping mode. A silicon microcantilever
also investigated. The results show that the orientation of the With a spring constant 16 N/m and resonance frequert§8 kHz
microphase-separated structure strongly depends on chain lengtM/as used. The scan rate ranged from 0.5 to 2.0 Hz to optimize the
and surface property. It is also shown that microphase segregaduality of AFM image. The set-point ratio, the ratio between the
tion strength, crystallization condition, and surface property can set-point amplitude and the free vibration amplitude (the lowest

b d | h hol f . line block amplitude when tip and sample are not in contact), was chosen to
e used to regulate the morphology of semicrystalline block o " g g parameters characterizing features of thin film such as

copolymers. thickness of lamellar and difference of phase shift were obtained
. ) directly from cross-sectional profiles. To ensure the repeatability
Experimental Section of the data, cross-sectional profiles from different area of height
Materials. The synthesis and characterization of oxyethylene/ Or phase images were necessary. At least 10 values were obtained
oxybutylene block copolymers, 78ss, E118ss EissB7s, and for each parameter.

E»24B113 (Where E and B denote oxyethylene and oxybutylene units, ~ Grazing Incidence X-ray Diffraction (GIXRD). Grazing
respectively, and denoted agH;, where the subscripts refer to  incidence techniques were carried out to investigate the crystal
the average degree of polymerization), have been describedstructure of diblock copolymer thin film at room temperature. A
elsewheré3-35 All the block copolymers have narrow molecular BEDE D1 high-resolution X-ray diffractometer, equipped with a
weight distributions M/M, < 1.05) by GPC and have a lamellar ~Cu Ka. radiation source was used. The diffracted beam is in the
morphology in both the solid and liquid bulk phases. Parameters plane defined by the incidence beam and the surface normal. This
of the block copolymers are summarized in Table 1. The single- geometry is sensitive to the structure parallel to the surface.
crystal silicon wafers (p-type, 6 in. diameter) were supplied by Different grazing incidence angles were tested, and better contrast
Shanghai Institute of Ceramics, China. They were cut into chips Of diblock copolymer signal over silicon signal with smaller error
of about 10 mmx 10 mm in size and then treated with “piranha” induced by surface undulation at the same time was obtained at
solution, a mixture of 70 vol % concentrated sulfuric acid and 30 grazing incidence angle of 0.6The XRD curves were scanned in
vol % hydrogen peroxide, for about 30 min at 8D to generate a  the 2 range of 3.6—30°.
clean, hydrophilic oxide surface. The substrate was then rinsed with . )
a large volume of distilled water and dried in a vacuum oven at 80 Results and Discussion
°Cfor8h. 5 Morphology of the As-Spun, Nascent Thin Films.The
Modification of Silicon Surface. The vapor phase method was gy cture of the as-spun, or nascent, thin films provides an insight
8??nS:nnoItgy?ros?llguslflilﬁjngsfsec:ﬁc’i \évl:];]%.r;g?)gallﬂ?l;cheyé?gxarg:?c?Ltjlsg into the structure of the polymer as it orders by solvent
Some silicon chips about 10 mm 10 mm in size were stuck to " evaporation during spinning. Flgur_e 2a shows the he_lght image
of the nascent &Bsg thin film spin-coated from dichloro-

plastic plates, and thea-5 mL of trimethylchlorosilane was . f o
deposited in a 50 mL plastic jar. The plastic plates were placed on methane solution at a concentration of 0.5% wi/v. Although the

the jar, mounted so that the fresh surface faced the silane liquid. morphology of diblock copolymer thin film obtained this way
After the jar was settled into a vacuum desiccator, the desiccator is metastable, it is important to investigate the initial segregation
was evacuated to 10 Torr. The substrates were then allowed to reacbehavior of diblock copolymers in thin fil#t Height images
with the silane vapor fio5 h at room temperature. After the  show that the film is composed of multiple polymer layers, with
substrates were rinsed ultrasonically with dry toluene and then some bare silicon substrate, and there is periodicity in the
ethanol for 10 min, they were cured at 120 for 3 h in anoven direction perpendicular to the substrate surface. An image with
under ambient pressure. higher magnification reveals no ordered structure within the

Preparation of Diblock Copolymer Thin Films. Block co- .
polymer thin films were prepared by spin-coating 0.5% wWABE polymer layers, and the AFM images are not presented here.
dichloromethane solutions on silicon wafers. Solvent was allowed BY |nferenc¢,_ the lamellar structure ofdBas is parallel to the
to evaporate simultaneously during the spin-coating process. Surface of silicon wafer. Such a morphology is not out of our
Annea"ng of diblock C0p0|ymer thin films was conducted at 35 expectatlon, since the surface of silicon is covered with hydl'oxyl
°C in a vacuum system (10 Torr). After annealing of diblock groups and inclines to absorb hydrophilic oxyethylene segments
copolymer thin films, AFM was conducted immediately. in the block copolymer. Similar results have been reportedCfBR/
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8.3 0.9 nm Figure 3. Schematic structures for nascentHgs thin film on silicon
: : (a), nascent B113thin film on silicon (b), annealed thin film of &B3s
0 on silicon (c), and nascent.EB113 thin film on modified silicon (d).

) block copolymers with asymmetric interfaces, usually only the
0 1500 3000 4500 Eirst layer on the substrate surfa}ce has the thickness of
Distance (nm) /2|'_o, but the other layers have .thlck.nessetei L0.1*3‘.~31The
(b) existence of a polymer layer with thicknesslef2 besides the
first layer on the substrate shows that the crystalline domain in
Figure 2. Tapping mode AFM heightimage and cross-sectional profile e plock copolymer consists of double crystalline layers

of nascent E&Bsg thin film on silicon spin-coated from solution at . . .
concentration of 0.5% w/v: (a) height image; (b) cross-sectional profile. (corresponding to structure b in Figure 1), and the poly-

The arrow indicates the hole throughout thin film, confirmed by the (0Xyethylene) block can also be located at the air/polymer
sharp difference in phase shift between silicon and polymer surfaces.interface. As a result, here we present a direct evidence for the
structure of crystalline domain in crystalline block copolymers.
thin films of asymmetric oxyethylene/oxybutylene diblock and The thin film structure of EBsg can be schematically depicted
triblock copolymer with short chain lengtf%Comparing the as in Figure 3a. Only by stacking in this way can displacement
height of the nascent block polymer thin film with the long happen to the two adjacent crystalline layers or amorphous layer,
periods of the amorphous and crystallized block copolymers in leading to the polymer layers with thicknelss= ¥/,L, besides
bulk, we can draw the conclusion that the E block in the nascent the first polymer layer on the substrate. It is established that
thin film is crystalline. For example, the step change in height the oxybutylene blocks with alkyl groups have lower surface

of the nascent &Bsg thin film is 8.3+ 0.9 or 16.3+ 1.5 nm, energy and tend to enrich at the air/polymer interface. However,
which is half of or equal to the long period of crystallizeghfss in such a morphology, parts of polyoxyethylene blocks are
in bulk (16.7 nm)” whereas the long period of amorphous inevitably also located at the air/polymer interface, possibly
E76B3g in bulk at 35°C is only 11.4 nn#’? because oxyethylene and oxybutylene units have so little

As can be seen from Figure 2a, not all the surface of the difference in their surface free energies. Moreover, before
substrate is covered by the semicrystalline block copolymer andcrystallization both blocks have high mobility, so parts of
there are some irregular holes. The cross-sectional profile poly(oxyethylene) segments can also locate at the air/polymer
(Figure 2b) reveals that nearby the holes the average thicknessnterface. After crystallization these parts of poly(oxyethylene)

of the first layer of block polymer on the substrate is &8.9 segments are temporarily solidified on the air/polymer interface.
nm, about half of the long period.{) of the crystallized block The nascent thin films of £4Bss and BsB7s also exhibit a
copolymer in bullé” Apart from the first layer of block polymer  lamellar structure parallel to the surface (see Supporting
on the substrate, we also observe some polymer layerg/Df Information). However, with further increase in chain length,
height together with the layers ofo, height. A similar the situation becomes quite different. Figure 4 shows AFM
phenomenon was also observed in the nascenBEs and images of a nascent thin film of,EB;13 on silicon. Image

Ei1s5B76 thin films on silicon (see Supporting Information). In  analysis shows that there is no characteristic periodicity in the
the multiple-layer thin film of amorphous or semicrystalline direction perpendicular to substrate surface, but stripeébe{/
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Figure 4. Tapping mode AFM phase image and cross-sectional profiles
of nascent &4B113 thin film on silicon spin-coated from solution at
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Figure 5. GIXRD patterns of nascent,B, thin film on silicon spin-
coated from solution at concentration of 0.5% wi/v.

normally associated with an increase in lamellar spagifigus,
the nascent structure of the as-spun polymer film may well
reflect the morphology of the preceding polymer melt.

When the lamellar structure is perpendicular to the substrate
surface, there is usually a large contrast in the phase image.
However, we notice a small difference in the phase angle in
Figure 4a. This may be due to the lower crystallinity of the
poly(oxyethylene) block and smaller difference in viscoelasticity
between these two blocks in the nascegBfthin film. Indeed,
after a long annealing time the crystallinity of the poly-
(oxyethylene) block is enhanced, and a larger shift in the phase
image is observed.

Figure 5 shows the grazing incidence X-ray diffraction
(GIXRD) curves of BBy thin films. The inset shows the
schematic graph of GIXRD. The grazing incidence angle is set
to be 0.6. According to the geometry of GIXRD, only structures

concentration of 0.5% w/v: (a) phase image; (b) cross-sectional profile parallel to the substrate surface can be dete®ed.Figure 5

along the line in (a).

shows that for low molar mass diblock copolymer thin film,

lamellar texture is observed in the phase image with higher E7éBss, E114Bse, and BssBz, no crystalline peaks of poly-

magnification, and this block copolymer exhibits periodicity in

(oxyethylene), but a weak peak located~&t9.5> associated

the direction parallel to the substrate surface, indicating that With (120) crystalline plane of poly(oxyethylene) is observed
there is a lamellar structure perpendicular to the substrate surfacdor high molar mass diblock copolymerz&B113 This clearly

in Ex24B113 The periodicity is about 36.5 nm, which is slightly
larger than the long period of crystallized-§B113in bulk (33.3
nm). As a result, a thin film of B4B113 exhibits a lamellar
orientation perpendicular to the silicon surface, as shown in
Figure 3b. The change of thin film morphology of B, block
copolymers with chain length shows that lamellar orientation

parallel to the substrate surface is preferable for the diblock

copolymers with low molar mass, and lamellar orientation

indicates that stems of poly(oxyethylene) crystals are perpen-
dicular to the substrate surface for low molar mass diblock
copolymers, (as shown Figure 3) but parallel to the substrate
surface for high molar mass diblock copolymer. In combination
with AFM and GIXRD results, the nascent thin film structure
of ExaB114 can be illustrated in Figure 3b.

Effect of Annealing. The nascent thin film of B, block
copolymers on silicon was metastable because of the two-

perpendicular to the substrate surface is preferable for thedimensional confinement and retardation of crystallization by

diblock copolymers with high molar mass. A similar transfor-
mation of lamellar orientation induced by molecular weight was
also reported for amorphous block copolym&réndeed, this

change could be simply a relic of the morphology of the block
copolymer melt (or concentrated solution). During the spin-

interaction between the block copolymer and the substrate and
free surface. The block copolymer thin films were annealed 35
°C, i.e., below the crystal melting temperature, for 30 h in a
vacuum system. The AFM image of annealed thin films of
Ez6B3s is shown in Figure 6. It is found that the orientation of

coating process the polymer solution becomes progressivelythe lamellar structure is not qualitatively altered and is still
more concentrated; at some critical concentration the block parallel to the silicon surface. Comparing to the nascent thin
copolymer forms an ordered lamellar phase, and as the solutionfilm, two differences are observed for the annealed thin film.
becomes more concentrated the E block starts to crystallize. ItFirst, the irregular holes, in which there is no block copolymer
is highly likely that the lamellar orientation developed in the on the substrate surface, basically disappear after annealing. This
initial ordering process is retained during the rapid crystallization indicates that the EBn block copolymer spreads on the silicon
process at room temperature, even though crystallization is surface due to the preferentially interaction of poly(oxyethylee@v
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Figure 6. Tapping mode AFM height image and cross-sectional profile
of annealed &B3s thin film on silicon spin-coated from solution at
concentration of 0.5% w/v: (a) height image; (b) cross-sectional profile.
Annealing is performed at 35C for 30 h. The arrow indicates the

hole throughout thin film, confirmed by the sharp difference in phase
shift between silicon and polymer surfaces.
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block with silicon. Second, there are no longer polymer layers Distance (nm)

with thicknessL ~ %/,Lg at the polymer/air interface, and only

those with thicknesk ~ Ly are observed for the annealed thin (©)

films. This shows that thel ~ Y.L, polymer layers are ] _ ) ) )
metastable at the polymer/air interface and that morphological F]{gure 7. ITg\ppmg mﬁ.def'.?FM ph‘?‘l.se images and Céofss'secnlon.a' profile
rearrangement occurs during annealing. Since disappearance Ogogggﬁt?aiior%ﬁlgé‘)}: V\I//T O(g)s:ﬁggesﬁ'}?ég%‘?u(eb) ;%r:sgoi#:%l%tvith
holes and the polymer layers of thicknééd o involves mass higher magpnification; (c) cross-sectional profilé along the line in (b).
transportation in different polymer layers, polymers are not Annealing is performed at 3%5C for 30 h.

confined in single layers during annealing, in contrast to strongly

segregated block copolymers. The structure of annealg@ké: spherulite radiate from a common center, whereas this is not
E114Bs6, and BssB7e thin films can be illustrated in Figure 3c.  the case of the nascent thin film. An image at higher magnifica-
Similar results were obtained for the annealedBss and tion (Figure 7b) reveals that the common center of the stripes
E1sB76 thin films on silicon (see Supporting Information). inside a spherulite is a heterogeneity on the silicon surface. This

Figure 7 shows AFM images of annealegB13 thin film. observation clearly shows that the heterogeneities on the

A two-dimensional spherulite structure with irregular boundaries substrate can nucleate secondary crystallizatiorp£Be13thin

and stripelike substructure is observed. Although the stripelike film during annealing. In contrast, it has been reported that
structure is observed in both nascent and annealed thin filmscrystallization of thin film with lamellar structure parallel to

of Ex24B113 In the annealed thin film all the stripes inside one the surface of substrate is nucleated by the preexisting h?ﬂé&DV
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Figure 8. Lamellar thickness of B, diblock copolymers in bulk,
nascent thin films, and annealed thin films.

Figure 8 shows histograms of the lamellar thicknesses of
nascent and annealed thin films compared to the long period in
bulk. It is observed that for shorter,B,, block copolymers
(E7eBss, E114Bs6, and BssBre), which have structures parallel
to the substrate surface, the lamellar thickness of the nascent
film is slightly smaller than the long period in bulk. This
difference becomes larger with increasing chain length. This is
possibly due to lower crystallinity of the nascent thin film. For
long block copolymer such as §B76, the stronger segregation >
strength may also retard crystallization. After a long annealing 0.00 fnm] 93.37
time, however, the crystallinity of the E block is increased and (@
the amorphous B block becomes more stretched accordingly.

As a result, the lamellar thickness becomes slightly larger after 90
annealing and is comparable that of the bulk. In contrast, for
E2»4B113 both the nascent and the annealed thin films have
evidently larger lamellar thickness than the long period in the

bulk. There are two potential explanations for this. (1) The 60
poly(oxyethylene) crystals are not arranged in a perfectly parallel &
way, and especially in the annealed thin film there are lots of £
branches in the stripes. (2) The height profiles of the nascent =
and annealed £48113 thin films on silicon (see Supporting @ 3
Information) reveal that the thin films undulate within several =
nanometers, which makes the block copolymer a little more
extended. Both situations result in a larger lamellar thickness
than the long period in the bulk.

Effect of Substrate Surface Modification. Surface energy = . . . 4 L 4 L .
of the substrate has a pronounced effect on thin film morphol- 0 2500 5000 7500 10000
ogy, a situation that is well characterized for amorphous block Distance (nm)
copolymeré=#4 in terms of theory and experiment. For (b)
example, lamellar structures parallel to the substrate surface are-jgre 10. Tapping mode AFM height image and cross-sectional
favorably formed when the substrate preferably absorbs one ofprofile of nascent B4B113 thin film on modified silicon spin-coated
the components, while lamellar structure perpendicular to the from solution at concentration of 0.5% w/v: (a) heightimage; (b) cross-
substrate surface is favorable for neutral substrates. In the presentectional profile.
work, a monolayer of organic molecule was grafted onto the
silicon surface, and the effect of surface property on thin film syrface. An image at higher magnification shows no ordered
morphology was investigated. Trimethylichlorosilane, a grafting structure within the polymer layers. From this observation we
agent with single functional group, was selected to ensure acan draw the conclusion that the lamellar structures of nascent
monolayer of methylsilane groups on the silicon surface, as thin films of E;»4E113 on hydrophobically modified silicon are
shown in Figure 9. The water contact angle method is used to para||e| to the silicon surface. In contrast, the nascepitz;3
determine the modification effect. The water contact angle of thin film on an unmodified hydrophilic silicon surface has a
modified silicon was determined to be 84.8eing~56° higher  perpendicular lamellar structure. As a result, reduction of
than that of the initial hydrophilic silicon substrate (2§.4rhe hydrophilicity of the substrate surface can lead to the change
modified silicon surface is hydrophobic, and hence E block- of orientation of lamellar structure. From the cross-sectional
phobic, compared to the initial silicon surface due to formation profile, the thickness of the polymer layers is an integeral repeat
of monolayer of silane molecules on the silicon. of the long period of E4B113 in the bulk, and there are no

Figure 10 shows the AFM image of a nascepiE;13 thin polymer layers with thickness afy2 near the holes. This further
film on hydrophobically modified silicon. It is found that there demonstrates that modified silicon surface tends to absorb
is a periodicity in the direction perpendicular to the silicon preferably hydrophobic B segments, and the structure B 3 cDV

341+ 1.9 nm

)

g
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Conclusions

The above results show that semicrystallingBE block
copolymers can exhibit abundant morphologies in the thin film
supported on silicon, depending on chain length, thermal history,
and substrate surface property. The nascent thin films of low
molar mass block copolymers {gBss, E114Bs6 and BEssB7e)
show the lamellar structure parallel to the substrate surface, but
the high molar mass block copolymergBB113 exhibits the
lamellar orientation perpendicular to the substrate surface. The
nascent thin films of low molar mass block copolymers are
composed of multiple polymer layers and have mixed thickness
L ~ LpandL =~ Ly/2 (Lo, the long period of the block
copolymers in the bulk) besides the polymer layer nearest to
the substrate. As a result, it can be identified that the crystalline
domain in the block copolymers consists of double poly-
(oxyethylene) layers. Annealing leads to the disappearance of
the metastable polymer layer of thickndsse Lo/2, morpho-
logical transformation involving different polymer layers, and
slight increase in lamellar thickness. The heterogeneities on the
substrate surface can nucleate crystallization of block copolymer
thin film during annealing when the lamellar structure is
i rv perpendicular to the surface, leading to spherulite morphology.
30 When the silicon surface was modified by a monolayer of silane
molecules, the surface becomes hydrophobic and tends to absorb
preferentially the amorphous poly(oxybutylene) block. On the
modified silicon surface, the lamellar structure 0$2B113
i becomes parallel to the surface, and the nucleation effect of
10 - the heterogeneities on crystallization of poly(oxyethylene) block
is shielded.

40 |- 35.0+ 2.1 nm

Height (nm)
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Figure 11. Tapping mode AFM height image and cross-sectional

from solution at concentration of 0.5% w/v: (a) heightimage; (b) cross- nascent and annealed ;Bss, E15B76 and ByBiis and corre-

sectional profile. Annealing is performed at 35 for 30 h. sponding cross-sectional profiles. This material is available free of
. N . ) charge via the Internet at http://pubs.acs.org.
on the modified silicon surface can be schematically depicted
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