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I
n recent decades, block copolymers (BCPs)
have been extensively investigated be-
cause of their ability to self-assemble into

various ordered nanostructures, such as
spheres, cylinders, gyroids, and lamellae.
The self-assembly results from incompat-
ibility of their constituent blocks.1,2 Well-
defined nanostructured phases can be
tailored by the molecular engineering of
synthetic BCPs, with promising features for
nanotechnological applications. For such
nanostructured materials to prove useful
in applications, thin-film samples with ori-
ented periodic arrays over large areas must
be formed. Different approaches for con-
trolling the orientation of phase-separated
microdomains have been developed. They
include solvent evaporation,3�6 solvent an-
nealing,7�9 the application of shear fields,10�16

the application of electric fields,17�19 the
use of temperature gradients,20,21 epitaxial

crystallization,22�24 chemical patterning of
the surface,25�31 and graphoepitaxy.32�43

The use of chemically neutral surfaces has
been one of the most commonly used
approaches.44�53 For two-component sys-
tems (denoted A and B) at interfaces, the
interfacial energy difference may be de-
fined as Δγ = γA � γB. When γA = γB, the
interactions between the polymers and the
surface are balanced and the surface is
neutral.49,54 The interactions between a
chemically neutral surface and each block
of a given copolymer can be balanced to
form oriented microdomains of self-as-
sembled BCPs.
A variety of methods have been demon-

strated to provide neutral surfaces such that
well-oriented BCP microdomains can be
formed in thin films.44�48 The most com-
mon approach for establishing chemical
neutrality is to treat the substrate with a
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ABSTRACT This work presents a new method for forming well-

defined nanostructured thin films from self-assembled polystyrene-block-

poly(L-lactide) (PS-PLLA) on Si wafers with a functionalized SiO2 surface.

Large, well-ordered, perpendicular PLLA cylinders in PS-PLLA thin films can

be formed using the functionalized substrate. In contrast to random

copolymers, a neutral substrate for the PS and PLLA blocks is formed by

functionalizing a substrate with hydroxyl-terminated PS (PS-OH) followed

by hydroxyl-terminated PLLA (PLLA-OH). The heterogeneous grafting of PS-OH and PLLA-OH can be substantially alleviated using this two-step functionalization.

Accordingly, the surface properties can be fine-tuned by controlling the ratio of grafted PS-OH to PLLA-OH to control the orientation of the PLLA cylinders on the

functionalized SiO2. Nevertheless, the orientation that is driven by the neutral substrate is surprisingly limited in that the effective length of orienting cylinders is less than

twice the interdomain spacing. Thermal annealing at high temperature can yield a neutral air surface, rendering perpendicular PLLA cylinders that stand sub-micrometers

from the air surface. Consequently, the neutral substrate can be used to enable truly film-spanning perpendicular cylinders in films to be fabricated using the high-

temperature thermal treatment. In addition, the perpendicular cylinders can be laterally ordered by further increasing the annealing temperature. The ability to create

these film-spanning perpendicular cylinders in films with a well-ordered texture and sub-micrometer thickness opens up possible applications in nanotechnology.

KEYWORDS: mixed homopolymer brushes . thin films . degradable block copolymers . orientation

A
RTIC

LE



SHE ET AL . VOL. 7 ’ NO. 3 ’ 2000–2011 ’ 2013

www.acsnano.org

2001

random copolymer brush layer that contains the same
monomer units as the block copolymer.49�53 However,
the synthesis of such random copolymers may not be
easy or even impossible for some monomer pairs.
Recently, Nealey et al. demonstrated a method for
preparing neutral brush layers by using a ternary blend
that consists of two low-molecular-weight homopoly-
mers and a corresponding low-molecular-weight block
copolymer to replace synthesized random copolymers
for the formation of neutral substrates.53 Furthermore,
Russell et al. investigated the use of BCP brushes, rather
than random copolymer brushes, to control the orien-
tation of BCP microdomains in thin films.55

This study aims to develop a new method that uses
homopolymers with hydroxyl groups at the ends of the
chains to functionalize a SiO2 surface to form well-
defined nanostructured thin films of polystyrene-
block-poly(L-lactide) (PS-PLLA) with PLLA cylinders on
a Si wafer with a SiO2 surface. As illustrated in Figure 1,
the formation of functionalized substrate (the neutral
substrate for the PS and PLLA blocks) can be achieved
by two-step functionalization. Homogeneously func-
tionalized SiO2 can be obtained using PS-OH through
thermal annealing at 100 �C, followed by functionaliza-
tion using PLLA-OH through thermal annealing at 180 �C.
As a result, the surface properties can be fine-tuned
by controlling the the ratio of grafted PS-OH to PLLA-
OH using this newmethod. Unlike direct functionaliza-
tion using a mixture of PS-OH and PLLA-OH, which
would cause the problem of phase separation during
the annealing process due to the incompatibility
between the PS and the PLLA so as to result in
heterogeneous grafting, the two-step method that is
developedherein provides homogeneous anduniform
grafting. The formation of a neutral substrate without
the need for random copolymer synthesis is a simple
means of forming nanostructured thin films from

self-assembled block copolymers. Nevertheless, the
effective thickness of the region of orientation that is
induced by the neutral substrate is limited. Thermal
annealing at high temperature can yield a neutral air
surface, rendering perpendicular PLLA cylinders that
stand far from the air surface. Combining thermal
annealing at high temperature to form a neutral air
surface with the use of the neutral substrate can form
perpendicular PLLA cylinders with sub-micrometer
thickness throughout the films.
Note that Nealey et al. demonstrated the feasibility

to achieve similar results but using a random copoly-
mer approach for the induced orientation of a non-
crystallizable polystyrene-block-poly(methyl metha-
crylate) (PS-PMMA) BCP thin film.47 By contrast, we
demonstrate a new approach to control the orienta-
tion of cylindrical microdomains, in particular for sem-
icrystalline block copolymers, and to achieve film-
spanning cylinders with sub-micrometer thickness. It
is also noted that, to facilitate the orientation of the
PLLA cylinders in the PS-PLLA thin film, it is necessary
to give the microphase-separated cylinders some or-
ientation on the surface layer after spin-coating as the
initial stage for the following ordering process. Accord-
ing to our previous work using solvent evaporation for
the induction of oriented cylinders,56,57 perpendicular
racemic poly(D,L-lactide) (PLA) cylinders in polystyrene-
b-poly(D,L-lactide) (PS-PLA) thin film cannot be easily
formed by spin-coating because of the low segrega-
tion strength of the PS-PLA as compared to PS-PLLA.58

As a result, we speculate that similar behavior and
results will not be easily achieved by using PS-PLA as
material. For semicrystalline BCPs such as PS-PLLA, this
is indeed the first time to achieve the film-spanning
cylinders with sub-micrometer thickness. Note that the
crystallization of semicrystalline block copolymers would
interrupt the orientation of the BCP nanostructured

Figure 1. Schematic illustration of the preparation of neutral substrate and the formation of neutral free surface for the
fabrication of well-oriented perpendicular cylindrical nanostructures from self-assembled PS-PLLA. (A) Si wafer with SiO2;
(B) functionalized SiO2 by using PS-OH through thermal annealing; (C) functionalized SiO2 with both PS-OH and PLLA-OH
brushes through thermal annealing; (D) perpendicular PLLA cylinders on functionalized SiO2 surfacewith PS-OHandPLLA-OH
brushes (neutral substrate for PS-PLLA).
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phase, in particular driven by casting. Avoiding the
crystallization effect is extremely critical to the micro-
phase separation of self-assembled BCPs. That is the
reasonwe used thermal annealing at high temperature
to achieve the induced orientation without the pertur-
bation of the crystallization event. Furthermore, the
hexagonally packed cylinders can be laterally ordered
by high-temperature thermal annealing. This work
demonstrates a general and efficient means of produ-
cing large-scale, well-oriented nanoarrays in the form
of thin films by using degradable block copolymers,
which may be useful in functional block copolymer
systems.

RESULTS AND DISCUSSION

Formation of Oriented PLLA Cylinders in PS-PLLA via Solvent
Evaporation. As reported in our previous studies, per-
pendicular PLLA cylinders in the PS-PLLA (its chemical
structure is shown in Figure 2) thin film can be formed
by selecting a solvent with the proper evaporation rate
and high selectivity with constituted blocks of PS-
PLLA.56,57 To examine the limitation of the thickness
of the region of oriented perpendicular PLLA cylinders
in this approach, PS-PLLA thin films with thicknesses of
50 to 200 nm were prepared on a Si wafer with a SiO2

surface by spin-coating at 50 �C using PS-PLLA solu-
tionswith different concentrations. In Figure 3, the top-
view scanning probe microscope (SPM) phase image
(Figure 3(a-top)) and bottom-view SPM phase image
(Figure 3(a-bottom)) enable the cross-section of the

cylindrical nanostructures to be clearly determined.
These results suggest that vertically oriented cylindri-
cal PLLA micordomains can be formed, spanning a
thickness to a depth of 50 nm in the thin film. The top-
view SPM phase images in Figure 3(b-top) and (c-top)
for thin films with thicknesses of 100 and 150 nm,
respectively, show similar results, but in the bottom-
view SPM phase images (Figure 3(b-bottom) and
(c-bottom)), the regions of disordered morphology
gradually become larger. Further increasing the thick-
ness of the thin film to 200 nm produces no significant
microphase-separated morphology that can be ob-
served in the bottom-view SPM phase image
(Figure 3(d-bottom)), although the top-view SPM
phase images continue to show the cross-section of
the cylindrical nanostructures (Figure 3(d-top)). As a
result, the perpendicular orientation of PLLA cylinders
can be induced only by spin-coating in films of limited
thickness. To fabricate thick PS-PLLA films with per-
pendicular PLLA cylindrical microdomains, a Si wafer
with a SiO2 surface was functionalized with PS and
PLLA brushes to eliminate the limitation on the thick-
ness in which the orientation can be induced. To
facilitate the orientation of the PLLA cylinders in the
PS-PLLA thin film, the microphase separation of
PS-PLLA was first induced by spin-coating to provide
the initial stage of ordering of the nanostructures in
which perpendicular PLLA cylinders are present in the
PS-PLLA thin films on the surface layer. Notably, a
neutral substrate must be used to avoid preferential
interaction of one block with the substrate, which
would produce microdomains that are orientated par-
allel to the surface of the film. Therefore, the neutral
substrate was created herein by functionalizing the
substrate with hydroxyl-terminated PS (PS-OH) and
hydroxyl-terminated PLLA (PLLA-OH) brushes.

Functionalization of SiO2. To reduce the heterogeneous
graftingof PS-OHandPLLA-OHbydirect functionalization

Figure 3. Tapping-mode (a-top�d-top) top-view and (a-bottom�d-bottom) bottom-view SPMphase images of PS-PLLA thin
films with a thickness of 50 nm (a-top, a-bottom), 100 nm (b-top, b-bottom), 150 nm (c-top, c-bottom), and 200 nm (d-top,
d-bottom) after spin-coating at 50 �C.

Figure 2. Chemical structure of PS-PLLA.
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that is caused by the incompatibility of PS-OH with
PLLA-OH, a two-step grafting procedure was used. The
process begins with the grafting of PS-OH onto the
surface of SiO2 by thermal annealing. The temperature
for grafting PS-OH was 140 �C, and the grafting was
conducted in a vacuum. This temperature was well
above the glass transition temperature (Tg) of PS to
enable the hydroxyl-terminated PS to diffuse to and
react with the SiO2 on top of the Si wafer. Also, the
grafting density of the PS-OH on the SiO2 surface was
controlled by varying the thermal annealing time. To
determine the variation in the surface tension of the
functionalized SiO2 surfaces with annealing time, con-
tact angle measurements were made using water as a
testing material. The dependence of the contact angle
on annealing time at 140 �C reveals a rapid increase in
the first stage of annealing to a plateau of less than
5 min (not shown here), suggesting that the hydroxyl
groups on the SiO2 surface reacted with the end-
hydroxyl group of PS, and this reaction was complete
in 5 min. To slow the reaction to gain more control of
the grafting rate, the substrates with the thin layer of
PS-OH homopolymer were then treated at 100 �C,
which is slightly above the Tg of PS, in thermal anneal-
ing for 30, 60, 90, 120, 150, and 180min. The substrates
thus obtained are labeled SUB-1, SUB-2, SUB-3, SUB-4,
SUB-5. and SUB-6, respectively. As shown in Table 1,
the water contact angle for functionalized SiO2 follow-
ing annealing at a temperature of 100 �C gradually
increases with annealing time, suggesting that the
surface energy of the SiO2 surface that is functionalized
with PS-OH brushes can be reasonably controlled by
thermal annealing at 180 �C. Following the functiona-
lization of SiO2 with PS-OH, PLLA-OH was covalently
grafted on the functionalized SiO2 by thermal anneal-
ing. The hydroxyl-terminated PLLA reacted with the
residual hydroxyl group of the functionalized SiO2,
forming mixed homopolymer brushes. Notably, PLLA-
OH is a crystalline polymer and may be crystallized by
thermal annealing in the temperature range from60 �C
to approximately 180 �C. Accordingly, the thermal
treatment had to be conducted above the melting
temperature of PLLA to avoid crystallization. As a result,

the reaction temperature for grafting PLLA-OH on the
functionalized SiO2 with PS-OH was 180 �C.

Surface Analysis of Functionalized SiO2. To examine the
surface compositions of mixed homopolymer brushes
on the SiO2 surfaces, X-ray photoelectron spectroscopy
(XPS) measurements were made. Figure 4 shows a
survey scan and the C1S spectrum of the SiO2 surfaces
with mixed homopolymer brushes. As shown in
Figure 4A, in addition to the oxygen (533 eV) and
carbon (285 eV) signals, a Si2p peak is found at 103.4 eV
and is attributed to SiO2, suggesting that the oxygen
signal is attributed to the formation of PLLA and the
SiO2 layer. Figure 4B shows the C1s spectra of SiO2 that
was functionalized with PS-OH, PLLA-OH, and mixed
PS-OH and PLLA-OH brushes (as obtained using the
SUB-1 sample).

The spectra include the C1s peak at 285.0 eV that
corresponds to the carbon atoms in saturated hydro-
carbons (�C�H�) of PS-OH and PLLA-OH. Also, the C1s
shakeup peak (peak d), corresponding to the π�π*
transition of the PS-OH benzene ring, was observed
at approximately 291.5�292.0 eV.59 Peaks b and c,
observed at 286.5 and 289 eV, were assigned to
the carbon atoms with a single bond to oxygen
(�O�C�) and carbonyl groups (�CdO�) of PLLA-
OH, respectively.60 Those characteristic peaks can also
be found in the C1s spectra of SUB-2, SUB-3, SUB-4,
SUB-5, and SUB-6 (not shown here). As a result, the XPS
results demonstrate that the PS-OH and PLLA-OH
brushes were successfully grafted onto the surface of
SiO2 (Figure 4B). To characterize the variation of the
proportion of PLLA-OH on the SiO2 surface by thermal
annealing for different annealing times, the atomic
composition ratio was calculated from the XPS results.
As mentioned above, the oxygen signal is attributed to
the PLLA homopolymers and SiO2. To calculate pre-
cisely the proportion of PLLA, the signal of the oxygen
atoms that correspond to the SiO2was subtracted from
the oxygen signal in the XPS spectra. Table 1 sum-
marizes the results. The calculated proportion of PLLA
decreased from 35.5% to 4.7% as the thermal anneal-
ing time increased from 30 to 180min in the process of
grafting the PS-OH brushes. The results indicate that

TABLE 1. Characterization of SiO2 Surface Functionalized with PS-OH and PLLA-OH

substrate time (min)a θw PS (deg)
b θe PS (deg)

c θw PSandPLLA (deg)
b θe PSandPLLA (deg)

c C1s O1s Si2p O1S (PLLA)
d O1S (PLLA) %

e PLLA%f

SUB-1 30 62.3 47.2 71.4 51.1 38.41 44.91 16.67 11.57 23.1 35.5
SUB-2 60 65.2 50.1 73.2 52.5 19.03 55.87 25.1 5.67 22.9 35.0
SUB-3 90 70.5 55.2 74.5 53.2 19.75 55.2 25.05 5.1 20.5 29.7
SUB-4 120 79.1 56.1 81.2 56.3 47.4 38.56 14.04 10.48 18.1 24.9
SUB-5 150 83.8 58.3 83.4 58.3 43.94 39.72 16.34 7.04 13.8 17.4
SUB-6 180 84.4 58.7 84.6 59.3 46.38 36.45 17.17 2.11 4.3 4.7

a The SiO2 surface was functionalized with PS-OH brushes by thermal annealing.
bWater contact angle measurements were carried out on the SiO2 surface functionalized with

PS-OH or mixed PS-OH and PLLA-OH brushes. c Ethylene glycol contact angle measurements were carried out on the SiO2 surface functionalized with PS-OH or mixed PS-OH and
PLLA-OH brushes. d O1s(PLLA) = O1s � O1s(SiO2) = O1s � 2Si2p.

e Oxygen atomic compositions were calculated from XPS measurements for functionalized SiO2 surface with
PS-OH and PLLA-OH brushes. C % þ O % = 100%. f PS�OH% þ PLLA% = 100%.
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the composition ratio of PS-OH to PLLA-OH on the SiO2

surface can be effectively controlled by this two-step
annealing process.

As demonstrated above, functionalized SiO2 sur-
faces with different composition ratios of PS to PLLA
brushes can be prepared by controlling the two-step
grafting procedure by varying the thermal annealing
conditions. To investigate the variation of the surface
tension of the functionalized SiO2 surface and also the
affinity of the surface for PS and PLLA components, the
adhesion of functionalized SiO2 to PS (WPS‑Sub) and
PLLA (WPLLA‑Sub) was calculated. Figure 5 plotsWPS‑Sub

and WPLLA‑Sub as functions of functionalized SiO2 with
PS fraction (fPS). As fPS increases, WPS‑Sub increases
rapidly to 49 mJ m�2 at fPS = 0.65; thereafter, it further
increases to a plateau of 55 mJ m�2 at fPS > 0.7. In
contrast,WPLLA‑Sub falls slightly as fPS increases.WPS‑Sub

will be approximately equal to WPLLA‑Sub at fPS = 0.75.
We speculate that the interactions between the poly-
mers and the functionalized SiO2 can be balanced once
the fPS reaches 0.75 because of the formation of a
neutral substrate.

Orientation Induced by Functionalized Surface. To exam-
ine the feasibility of the two-step grafting approach for
forming a neutral substrate, a PS-PLLA thin film with a
thickness of 50 nm was spin-coated onto the functio-
nalized SiO2 surface. Notably, the effect of the sub-
strate on the forming morphology from the self-
assembly of BCPs is thermodynamically driven.

To achieve a stable equilibrium state, the morphology
of the as-cast BCP thin film with disordered nanostruc-
ture requires longer annealing time than that with a
well-developed cylindrical nanostructure. Conse-
quently, as mentioned above, the sample that was
solution-cast using a selective solvent was used to
create an initially ordered morphology to expedite
the process in which the stablemorphology is reached.
Also, the thin-film sample was annealed at 140 �C
above Tg of PS to initiate the morphological evolution.
As shown in Figure 6, the bottom-view images of both

Figure 4. (A) XPS survey spectra of functionalized SiO2 by using PS-OH brushes through thermal annealing at 30 (SUB-1), 60
(SUB-2), 90 (SUB-3), 120 (SUB-4), 150 (SUB-5), and 180 (SUB-6) min followed by grafting PLLA-OH brushes. (B) C1s XPS spectra
of PS-OH, PLLA-OH, and mixed PS-OH and PLLA-OH brushes on a SiO2 surface.

Figure 5. Work of adhesion for WPS‑Sub (squares) and
WPLLA‑Sub (circles) on the functionalized SiO2 surface with
PS-OH and PLLA-OH brushes.
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SUB-1 and SUB-2 show no significant microphase-
separated morphology in PS-PLLA thin films following
thermal annealing at 140 �C. Furthermore, the mor-
phology at the bottom of SUB-1 appears to be that of a
well-defined nanostructure only when the film was
treated by hydrolysis (degradation of PLLA) (Figure S1),
suggesting that a thin layer of PLLA is formed on the
substrate. Similar results (not shown) are found for thin
films on functionalized SiO2 of SUB-2. We thus spec-
ulate that the preferential wetting of PLLA on SUB-1
and SUB-2 is mainly attributed to the affinity effect by
which both SUB-1 and SUB-2 exhibit preferential selec-
tivity toward the PLLA microdomain. In contrast, the
formation of perpendicular cylinders is identified in
SUB-3 from the SPM bottom-view image (Figure 6(c-
bottom)), suggesting the effect of a neutral substrate
(as expected based on the calculated results concern-
ing the work of adhesion) on the formed morphology.
Nevertheless, no clear microphase-separated texture is
found in the SPM top-view image (Figure 6(c-top)). This
morphological observation surprisingly indicates that
the effective length of induced cylinder orientation
by the neutral substrate is extremely limited because the
thickness of the thin film is only 50 nm, approximately
twice the interdomain spacing. In the thin film that was
cast onto the substrate that was slightly selective
toward the PS microdomain (SUB-4), parallel cylinders
(Figure 6(d-bottom)) are observed. The formed mor-
phology is very sensitive to the selectivity of the used
substrate, so the thin layer of PS (Figure 6(e-bottom))
will be formed on the substrate with preferential
selectivity to the PS domain (SUB-5), and the micro-
phase-separated morphology in PS-PLLA thin films
cannot be seen even with hydrolytic treatment. The
results obtained from the SPM top-view images of
Figure 6 are consistent with the behavior as described
above and the fact that the effect of the substrate
on the formation of the microphase-separated mor-
phology from the air surface is insignificant. As the

thickness of the thin film increases above 50 nm (to, for
example, 100 and 200 nm), similar results (not shown)
with respect to the effect of the substrate can be found.
Consequently, the orientation of the cylindrical do-
main can be effectively controlled on the functiona-
lized SiO2 surfaces, but the effective thickness is very
limited.

Orientation Induced by Thermal Annealing. Notably, the
orientation of the cylindrical domain in the BCP thin
film and the corresponding lateral order can be tuned
by controlling the annealing temperature to achieve
the most stable morphologies.47,54 To examine the
effect of annealing on the formation of BCP nano-
structures by spin-coating, PS-PLLA thin films were
thermally annealed over the Tg of the PS in this study.
When the annealing temperature is lower than 140 �C,
the observed morphology does not change signifi-
cantly. As the annealing temperature increases from
140 to 160 �C (Figure 7), the bottom-view images are
consistent with the phenomenon, as described above,
by which the cylindrical domain is oriented by the
functionalized SiO2 surface (Figure 7(c-bottom)). In
contrast, the microphase-separated morphology in
the top-view images is slightly changed, indicating
that thermal annealing is beginning to have an effect.
As the annealing temperature approaches 180 �C, the
morphology of the BCP thin film varies significantly.
The formation of perpendicular cylinders driven by
thermal annealing, resulting from the formation of a
neutral air surface, is clearly identified in the top-view
images in Figure 8. Similar bottom-view images in
Figures 7 and 8 reveal the effect of the substrate. They
indicate that orientation of the cylindrical domain
controlled by thermal annealing has no impact on
the effect of the substrate on the thin-filmmorphology
between the BCP and the functionalized substrate. The
induced orientation from the air surface is attributed to
the effect of temperature on the surface tensions of PS
(γPS) and PLLA (γPLLA). In the PS-PLLA system, PLLA has

Figure 6. Tapping-mode (a-top�e-top) top-view and (a-bottom�e-bottom) bottom-view SPM phase images of PS-PLLA thin
films with a thickness of 50 nm on functionalized SiO2 of SUB-1 (a-top, a-bottom), SUB-2 (b-top, b-bottom), SUB-3 (c-top,
c-bottom), SUB-4 (d-top, d-bottom), and SUB-5 (e-top, e-bottom) with thermal annealing at 140 �C for 5 min.
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a lower surface tension (38.3mN/m) thanPS (40.7mN/m)
at room temperature.61 Also, γPS and γPLLA decrease as
the temperature increases. We speculate that the rate
of decrease of γPS with increasing temperature is
higher than that of γPLLA, yielding equal values of γPS
and γPLLA at high annealing temperature. Surface
energies of the two constituent blocks of a diblock
copolymer reportedly lead to the formation of perpen-
dicular cylinders in BCP thin films.47,61,62 Consequently,
perpendicular PLLA cylinders in PS-PLLA thin film can
be formed by thermal annealing at 180 �C.

Induced Long-Range Perpendicular Orientation. Based on
the findings above, an attempt is made to generate
perpendicular PLLA cylinders in thicker films (thickness
>100 nm). Figure 9(a-top) and (a-bottom) show the
SPM top-view phase and bottom-view phase of a
PS-PLLA thin film with a thickness of 100 nm on
SUB-3 substrate following thermal annealing. Similar
results can be found for thin films with a thickness of
200 nm, as shown in Figure 9(b-top) and (b-bottom).
As a result, perpendicular cylinders throughout the

100 and 200 nm thickness of the BCP film on the
neutral substrate can be formed by thermal annealing.
To examine the limitation of the induced perpendicu-
lar orientation, thicker thin-film samples were ther-
mally annealed at 180 �C. Similar SPM results were
obtained for the sample with a thickness of 400 nm
(Figure 9(c-top) and (c-bottom)). To examine further
the suggested perpendicular cylinders that span the
entire thickness of the film, the orientation of the
microdomain in the film on the functionalized SiO2

surface was determined from SPM top-view and bot-
tom-view images of the films following progressive
oxygen plasma etching steps from the top and from
the bottom of the films. Figure S2 shows the SPM
results following oxygen plasma etching for different
etching times. The top-view phase images following
oxygen plasma etching from the top downward for
60 s in Figure S2(a) reveal well-ordered perpendicular
cylindrical domains on the surface of the thin film with
a thickness of 300 nm. Further increasing the etching
time to 90 s yields a thin-film samplewith a thickness of

Figure 7. Tapping-mode (a-top�e-top) top-view and (a-bottom�e-bottom) bottom-view SPM phase images of PS-PLLA thin
films with a thickness of 50 nm on functionalized SiO2 of SUB-1 (a-top, a-bottom), SUB-2 (b-top, b-bottom), SUB-3 (c-top,
c-bottom), SUB-4 (d-top, d-bottom), and SUB-5 (e-top, e-bottom) with thermal annealing at 160 �C for 5 min.

Figure 8. Tapping-mode (a-top�e-top) top-view and (a-bottom�e-bottom) bottom-view SPM phase images of PS-PLLA thin
films with a thickness of 50 nm on functionalized SiO2 of SUB-1 (a-top, a-bottom), SUB-2 (b-top, b-bottom), SUB-3 (c-top,
c-bottom), SUB-4 (d-top, d-bottom), and SUB-5 (e-top, e-bottom) with thermal annealing for 5 min at 180 �C.
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250 nm, on whose surface is well-ordered perpendi-
cular cylindrical domains, as revealed by the top-view
phase images (Figure S2(b)). The bottom-view phase
images that were obtained following oxygen plasma
etching from the bottom to the top for 60 and 90 s
yielded similar results (Figure S2(c) and S2(d)). These
results suggest that the perpendicularly oriented cy-
linders span the entire film with a thickness of 400 nm.
We speculate that the formed perpendicular cylinders
depend strongly upon the air surface and are formed
throughout the thickness of the film on the neutral
substrate, whereas the thin-film morphology near the
substrate is controlled by the functionalized surface.
However, the effect of the neutral air surface controlled
by high-temperature annealing is insignificant when
the thickness of the BCP film is 600 nm (results not
shown). Notably, perpendicular PLLA cylinders cannot
be formed by spin-coating a thin film with a thickness
of over 500 nmbecause the thickness in which orienta-
tion can be driven by solvent evaporation is limited.
These results indicate that the initial morphology of
kinetic origin is essential to the morphological evolu-
tion to stable equilibrium morphology upon thermal
annealing.

Improvement of Lateral Packing. As demonstrated
above, combining thermal treatment at 180 �C to
create a neutral air surface with the use of a neutral
substrate enables perpendicular PLLA cylinders of a
length of up to 400 nm to be formed throughout the
thickness of the film, but the degree of lateral order is
low. We speculate that the low degree of lateral order
following thermal annealing can be attributed to the
fact that the mobility of the polymer chain does not
suffice to achieve the lowest Gibbs free energy state
(the stable equilibrium condition). To improve the
lateral packing of the formed perpendicular PLLA

cylinders in the PS-PLLA thin film, the annealing tem-
perature was further increased up to 220 �C. As shown
in Figure 10, perpendicular PLLA cylinders can still be
formed in the PS-PLLA thin films at the higher tem-
peratures. Most interestingly, the lateral order of the
perpendicular PLLA cylinders can be significantly in-
creased by increasing the annealing temperature, as
shown in the insets in Figure 10, which show the fast
Fourier transforms (FFT) of the SPM images that were
obtained after annealing at 190, 200, 210, and 220 �C.
Following annealing at 190 �C (Figure 10a) and 200 �C
(Figure 10b), the FFT patterns exhibit full circles be-
cause of the low lateral order of the perpendicular
PLLA cylindrical domains on the surface of the film.
As the annealing temperature is increased to 210 �C
(Figure 10c), the PLLA cylinders tend to pack hexagon-
ally on the surface of the film with an improvement in

Figure 9. Tapping-mode (a-top, b-top, c-top) top-view and (a-bottom, b-bottom, c-bottom) bottom-view SPM phase images
of PS-PLLA thin films with a thickness of 100 (a-top, a-bottom), 200 (b-top, b-bottom), and 400 nm (c-top, c-bottom) on
functionalized SiO2 of SUB-3 substrates with thermal annealing for 5 min at 180 �C.

Figure 10. Tapping-mode top-view SPM phase images of
PS-PLLA thin films with a thickness of 400 nm on functio-
nalized SiO2 of SUB-3with thermal annealing for 5min at (a)
190, (b) 200, (c) 210, and (d) 220 �C.
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the lateral order, so the FFT pattern exhibits reflections
with approximately 6-fold symmetry.

Further increasing the annealing temperature to
220 �C (Figure 10d) yielded well-ordered PLLA cylin-
ders that were oriented normal to the surface. The FFT
pattern exhibits 6-fold symmetry with multiple higher-
order reflections, suggesting the formation of hexa-
gonally packing cylinders with long-range order. Simi-
lar results (Figure 11) were obtained using oxygen
plasma etching from the top and from the bottom, as
described previously, suggesting that the well-ordered
perpendicular cylinders span the entire thickness of
the film. The long-range perpendicular PLLA cylinders
in a PS-PLLA thin film can be further identified using
grazing incidence SAXS (GISAXS), which yields diffrac-
tion spots along the qydirection (Figure 11e). Figure 11f
shows qy scans thatwere obtained from the 2Dpattern.
These qy scans were extracted at qz = 0.035 Å�1. The
center-to-center distance of the PLLA cylinders, ap-
proximately 26�29 nm, determined from the first-
order peak is similar to that determined from the
SPM image. Whereas GISAXS provides an average
orientation of the microdomains in the film, transmis-
sion electron microscopy (TEM) was further used to
truly demonstrate the suggested film-spanning per-
pendicular PLLA cylinders. Figure 11g shows a cross-
sectional TEM image of PS-PLLA film after thermal
treatment. The PS microdomains, selectively stained

with RuO4, appear dark, whereas the PLLA microdo-
mains appear bright. As can be seen, the TEM image
shows that the perpendicular cylinders extend from
the film surface to the substrate and propagate
through the entire 400 nm thick film. As a result, with
the neutral substrate, film-spanning perpendicular
PLLA cylinders in a film can be fabricated by high-
temperature thermal treatment.

CONCLUSIONS

A neutral substrate is created by two-step surface
functionalization with PS-OH followed by PLLA-OH. Its
surface properties can be fine-tuned by controlling the
ratio of grafted PS-OH to PLLA-OH. Consequently,
combining thermal treatment at high temperature to
create a neutral air surface with the use of the neutral
substrate enables film-spanning perpendicular PLLA
cylinders in a film with sub-micrometer lengths and
lateral order to be achieved by annealing of the sample
at high temperature. This approach provides a simple
and convenient way to control the orientation of
cylindrical microdomains in BCP films. Furthermore,
the formation of such cylinders in films with a well-
ordered texture and sub-micrometer thickness has
possible applications in gas storage, separationmaterials,
controlled release of drugs, photovoltaics, and electrode
materials for energy storage and may offer additional
benefits to functional block copolymer systems.

EXPERIMENTAL SECTION
Materials. Hydroxyl-terminated polystyrene (PS-OH) withMn =

10800 g mol�1 and polydispersity index (PDI) = 1.25 was synthe-
sized by atom transfer radical polymerization.62 Hydroxyl-ter-
minated poly(L-lactide) (PLLA-OH)withMn = 10 500 gmol�1 and

PDI = 1.16 was synthesized by ring-opening polymerization.63

The PS-PLLAwas prepared by a sequential living polymerization
using a double-headed initiator. The synthetic routes of the PS-
PLLA sample were described in our previous publication.63,64

The number-average molecular weight and the PDI of the PS

Figure 11. Structure characterization of PS-PLLA thin film with a thickness of 400 nm on functionalized SiO2 of SUB-3 after
thermal annealing at 220 �C: Tapping-mode top-viewSPMphasewith oxygenplasmaetching from top (a, b) andbottom (c, d)
direction for 60 (a, c) and 90 (b, d) s. (e) 2D GISAXS pattern and (f) qy scans from 2DGISAXS pattern (qy scans were extracted at
qz = 0.035 Å�1). (g) Cross-sectional TEM image corresponding to the film in (a) to (d).
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were determined by gel permeation chromatography (GPC).
The PDI of the PS-PLLA was determined by GPC, and the
number of L-LA repeating units was determined as a function
of the number of styrene repeating units by 1H NMR analysis.
The number-averagemolecular weights of the PS block and the
PLLA block were 17300 and 9500 gmol�1, respectively, and the
PDI of the PS-PLLA was 1.33. The volume fraction of PLLA was
thus calculated to be fPLLA

v = 0.31 by assuming that the densities
of the PS and the PLLAwere 1.02 and 1.248 g cm�3, respectively.
Silicon substratewas cleaned using a piranha solution (30:70 v/v
% of H2O2/H2SO4) at 140 �C for 30 min, followed by rinsing with
deionized water and then drying in flowing N2.

Preparation of Functionalized SiO2 with Mixed Homopolymer Brushes.
The 0.1 mL polymer solution (1 wt % PS-OH) in 1,2-dichloro-
ethane was spin-coated (acceleration is 3000 rpm/s) onto a Si
wafer with SiO2 at 1000 rpm for 1 min. Subsequently, the Si
wafer with SiO2 surface that was coated with a thin layer of PS-
OH was annealed at 140 �C in a vacuum oven for different
periods to graft PS-OHonto thewafer. Rinsingwith 1,2-dichloro-
ethane then removed ungrafted PS-OH. The PLLA-OH was spin-
coated on the functionalized SiO2 with PS-OH brushes, and the
filmwas thermally annealed at 180 �C in a vacuum oven. Finally,
functionalized SiO2 with mixed homopolymer brushes was
obtained after rinsing with 1,2-dichloroethane to remove un-
grafted PLLA-OH.

Measurement of Contact Angle and Calculation of Surface Energy. The
work of adhesion of a thin layer of homopolymer with function-
alized SiO2 is generally given by65

W12 ¼ 4
γd1γ

d
2

γd1 þ γd2
þ γp1γ

p
2

γp1 þ γp2

 !

where γp and γd are the polar and dispersion components of sur-
face tension, respectively. In general, the surface tension of the
functionalized SiO2 substrate canbe calculated from themeasured
contact angles using the geometric-mean method using the
equation (1þ cos θt)γt = 2{(γt

dγs
d)1/2 þ (γt

pγs
p)1/2}, where θt

represents the contact angle of a test liquid on the functionalized
SiO2 substrate and γt and γs represent the surface tensions of the
test liquid and the solid surfaces, respectively.66 A 0.002 mL
amount of water and ethylene glycol were used as testing liquids
for the calculation of the polar (γSub

p) and dispersion (γSub
d)

components of surface tension for the functionalized SiO2

substrate. The resulting work of adhesion of PS with the
functionalized SiO2 surface; (WPS‑Sub) and the adhesion of PLLA
with the functionalized SiO2 surface (WPLLA‑Sub) can be calculated.

Preparation of Samples. Thin-film samples with different thick-
ness were prepared on a functionalized SiO2 by spin-coating
(acceleration is 3000 rpm/s) at 1000 rpm for 1 min using 0.5, 1.3,
2.5, and 5 wt % chlorobenzene solution of PS-PLLA at 50 �C and
then thermally annealing the films at 180, 190, 200, 210, and220 �C
in a vacuum (1 Torr) for 5 min. Notably, the neutral air surface of
the PS-PLLA thin-film sample can be achieved by thermal
annealing at a temperature of over 180 �C. Nevertheless, severe
degradation may occur when the temperature exceeds 220 �C.
The oxygen plasma treatment for oxidation was carried out by a
RF power of 50W for 60 and 90 s at the pressure of 50mtorr. The
thicknesses of thin-film samples were determined by the alpha-
step, during which the thin-film sample was scratched by using a
sharp knife to create a cutting edge for thickness measurement.

Scanning Probe Microscope. Tapping-made SPM images of thin-
film samples were obtained. To examine the bottom-view
morphology, thin-film samples were stripped from the functio-
nalized SiO2 substrate using 1% HF solution for 30 s and floated
on the surface of water. They were then recovered using copper
grids. A Seiko SPA-400 AFM with a Seiko SPI-3800N probe
station was utilized at room temperature. A rectangular silicon
tip was used in dynamic force mode experiments with a spring
force of 5 N m�1 and a scan rate of 1 Hz.

X-ray Photoelectron Spectroscopy. XPS measurements were
made using a Thermo VG-Scientific Sigma Probe spectrometer
that was equipped with a hemispherical electron analyzer. The
operating conditions for XPSwere as follows: Mg KR anode, 15 kV,
7.2 mA; incident angle, 45�; angle of collection, 45�; analysis
diameter, 400 μm.

Transmission Electron Microscopy. To examine the cross-sectional
morphology, thin-film samples were stripped from the functio-
nalized SiO2 substrate using 1% HF solution for 30 s and floated
on the surface of water. They were then picked up with a piece
of polyimide thin plate. Samples were stained with RuO4 by
exposing the samples to the vapor of 4% aqueous RuO4 solution
for 3 h to increase the mass�thickness contrast before embed-
ding with epoxy resin. The epoxy-embedded thin-film samples
were microtomed normal to the film plane at a thickness of
50 nm and transferred onto a Cu grid. A JEOL JEM-2100
transmission electron microscope was used at an accelerating
voltage of 200 kV.

Grazing Incidence Small-Angle X-ray Scattering. GISAXS was con-
ducted at beamline BL23A1 in the National Synchrotron Radia-
tion Research Center (NSRRC), Taiwan. A monochromatic beam
with λ = 1.033 Å was used, and the incident angle was 0.2�.
Scattering intensity profiles were determined for the scattering
intensity (I) versus the scattering vector (q), where q = (4π/λ)
sin(θ/2) and θ is the scattering angle.
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