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Abstract  Long-range ordered nanostructures are prepared in the poly(styrene)-block-poly(e-caprolactone) diblock
copolymer thin films using micromolding. We evaluated the change in crystallinity based on grazing-incidence X-ray
diffraction and proved that the crystallinity increased with the decrease of the mold size. This means that ordered
nanostructures with atomic length scale order can be adjusted by tuning the mesoscale confinement. The inherent mechanism
was the cooperation of geometric confinement, microphase structure and surface-induced ordering of PS-b-PCL in the melt,
which paved the way for the subsequent crystal growth. These findings establish a route to promote the cost-effective
nanofabrication by combining the mature microfabrication technique with the emerging directed self-assembly of block
copolymers.
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INTRODUCTION

Exploring polymer crystallization is fundamental as many commercially important polymers such as
polyethylene, polypropylene, and poly(e-caprolactone) are crystalline. The crystalline order reflects the periodic
order on the atomic length scale, and this makes it very attractive for the fabrication of ultra-high density media,
electric and photovoltaic devices!'™. However, the crystallization of polymers is notoriously hard to control.
This is due to its sensitivity to external field and the inherent hierarchically assembled structures, which range
from the atomic length scale via the molecular chain to the micrometer-scale spherulites.
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To regulate the polymer crystallization, several strategies such as microphase separation in block
copolymers, filling of inorganic nanopores and nanoimprinting were applied'®'®. All of the above mentioned
strategies have to tackle the influences of the interface. In some cases, the interface interaction will weaken the
space control ability of the mold. For example, in nanoimprinted polymer thin films, partially confined
crystallization occurred, because the affinity of polymers and substrates causes the formation of a residual layer
near the substrate during imprinting!"® ', To overcome this obstacle, one can make use of the interface-induced
ordering and let it serve for spatially controlled crystallization.

Recently, the combination of the traditional optical lithography with block copolymer self-assembly has
been applied to achieve directed self-assembly and cost-effective nanofabrication!'>™'”). The interface-induced
ordering of block copolymers is a key factor for the success of directed self-assembly!® '> ' ¥ Accordingly,
using the inexpensive mesoscale mold fabricated by optical lithography for directing the organization of
semicrystalline diblock copolymer would be a cost-effective way to control the polymer crystallization'®. In our
previous work, we successfully prepared the long-range ordered crystalline structure in the micromolded
poly(butadiene)-block-poly(e-caprolactone) (PB-b-PCL) thin film, where we inferred that the geometric effect of
mold influenced the ordering of microphase structure and the following growth of the crystal'"”’.

In this study, we focus on exploring the long-range ordered nanostructures in a micromolded
semicrystalline diblock copolymer thin film. Poly(styrene)-block-poly(e-caprolactone) (PS-6-PCL) was selected
because it established the following several advantages: Firstly, the surface structure evolution of the PS-5-PCL
diblock copolymer thin film at high temperatures was well explored based on in situ observation*”. Secondly,
PS-b-PCL exhibits hard-confined crystallization, i.e., glass transition temperature of the amorphous block is
higher than the melting point of the crystalline block. Hence it offers the possibility to investigate the influence
of imprinting on the microphase structure, because the crystal is confined in the vitreous PS block® ** 2!,
Finally, the dominant electron density difference is observed in PS and the crystalline PCL rather than the PS
and the amorphous PCL. Therefore the change in crystallinity in PS-b6-PCL can easily be detected by
X-rays?' %, Moreover, X-ray nanobeams enable detecting the ordering of nanostructures in a single grating line.

EXPERIMENTAL SECTION

Materials

The PS-b-PCL (number average molecular weight, M, = 18500 g/mol, polydispersity index, PDI = 1.13, and
volume fraction of PCL is 46%) and PCL (M, = 10000 g/mol and PDI = 1.4) thin films were spun-cast from
toluene solution (10 mg/mL) onto clean silicon wafers and then removed the solvent by high vacuum treatment
for 24 h. The thickness of the as-prepared PS-b-PCL thin film was evaluated by scratching method with AFM
and the value is ~42 nm.

Micromolding

The imprinting mold used in this study was PDMS (Sylgard 184, Dow Corning Co.) replicated from the
aluminum-based master mold. The PDMS stamp consists of parallel line-grating patterns with varied
periodicities, namely, 833, 566 and 420 nm. The crest height is 120 nm. The imprinting was performed in a
homemade imprinter. The sample was heated to 150 °C and annealed for 20 min, then imprinted at 150 °C and
kept for 10 min before cooled to 40 °C at ~5 K/min. It was kept at 40 °C for 24 h to crystallize, after which the
pressure (0.3 MPa) was released and the mold was removed. To give a clear illustration and distinctiveness, the
sample was named after the periodicity value of the mold, e.g., the sample imprinted with 833 nm mold was
named S-833. As a comparison, the thermal-annealed sample was treated under the same heat treatment protocol
without imprinting.

Atomic Force Microscopy

The atomic force microscopy (AFM) data were acquired in air with an Agilent 5500 AFM (Agilent Technologies
Inc., Santa Clara, CA) operated in taping mode. The silicon cantilevers (OMCL-AC160TS, Olympus Co.) with a
resonance frequency of ~300 Hz and a spring constant of about 42 N/m were used.
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X-ray Diffraction and Scattering

The grazing-incidence X-ray diffraction (GIXRD) data were obtained at I1W1A beamline of Beijing Synchrotron
Radiation Facility (BSRF), using a Huber 5-circle diffractometer and a point detector. The X-ray wavelength and
the beam size were 0.154 nm and 0.7 mm x 0.4 mm (horizontal X vertical), respectively. The geometry of
GIXRD experiments is schematically presented in Fig. 1(a). The ¢;, and ¢4 represent the incident and diffraction
angles, respectively and @ is the azimuthal angle. The angle ¢; was fixed at 0.16°. The PS-b-PCL thin film was
first aligned with the long-axis of the trenches parallel to the incident X-ray, and then GIXRD was measured at a
step-scan rate of 1 s at each 0.05° step. The scattering angle 26 was ranging from 5° to 30°. The @ scanning was
performed after the 26 scanning with the 20 positions locked to 21.3° ((110) plane) and 23.6° ((200) plane). The
step-scan rate was 1 s at each 1° step. The plane spacing was calculated using the Bragg equation, nA = 2dsin0,
where 7 is the diffraction order, A4 is the wavelength, d is the plane spacing and 6 is the diffraction angle. The
diffracted angle was calibrated by powder diffraction of monocrystalline silicon which has an intense (400)
reflection at 26 = 69.13°.
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Fig. 1 (a) Schematic drawings of the in-plane grazing incidence X-ray diffraction (GIXRD)
measurement and the corresponding 1D line curve; (b) Schematic drawing of the nanobeam grazing
incidence small-angle X-ray scattering (nGISAXS) measurement and the corresponding 2D patterns

The grazing incidence small-angle X-ray scattering experiments (GISAXS) were performed at the
nanofocus endstation of P03 beamline at PETRA III of the Deutsches Elektronen Synchrotron (DESY) in
Hamburg, Germany”). The X-ray wavelength and the beam size were 0.0957 nm and 500 nm x 250 nm
(horizontal x vertical), respectively. A PILATUS 1M (Dectris Ltd., Switzerland) detector was employed to
collect 2D GISAXS patterns. The sample-to-detector distance calibrated using silver behenate to 957 = 1 mm.
As shown in Fig. 1(b), the ¥, ¢; and ¢4 represent out-of-plane angle, incident angle and exit angle, respectively.
o; was set to 0.3°. The analysis of the 2D GISAXS images was performed in terms of the horizontal scattering
vector g, = 2n (sin¥ cosy)/A and the vertical scattering vector ¢, = 2n(sing; + sinog)/ A%,

RESULTS AND DISCUSSION

The morphological change of PS-b-PCL thin films before and after micromolding is shown in Fig. 2. In the as
spun sample (Fig. 2a) randomly oriented crystals are found. In the imprinted samples the material
graphoepitaxially aligns along the trenches, and lamellae cover the crests (Figs. 2c and 2d). These are quite
different from the thermally annealed samples where, under the function of dewetting and microphase
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separation, droplets and superimposed lamellae are observed®. In addition, by observing the height images of
the imprinted samples in Fig. 1 and Figs. 2b—2d, it seems that the surface crystallization occurred leading to a
roughened crest. This is in line with the surface crystallization behavior in thermally annealed PS-5-PCL thin
films, visualized by the AFM measurements of the crystal growth at 7 = 40 °C (see S1 of Supporting

Information).
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Fig. 2 AFM height images of PS-b-PCL thin films: (a) As spun, (b) S-833, (c) S-566 and (d) S-420
The line profiles relate to the height fluctuations at the corresponding cross sections. The inserted
scale bars in the lower right corner indicate 500 nm.
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As the incident angle ¢ = 0.16° is slightly larger than the critical angle for total reflection ¢, ps.ppcL =
0.157°, the penetration depth is larger than the film thickness (see S2 of Supporting Information). Hence the
GIXRD results clearly show the crystallization information not restricted to the surface. Besides, ¢; is below the
critical angle of the substrate o siowsiy = 0.23°; therefore, the scattering from the substrate was reduced
compared to that from the thin film. Figure 3 shows in-plane GIXRD patterns measured at ¢; = 0.16° for the PS-
b-PCL thin film before (Fig. 3a) and after micromolding (Fig. 3b—3d). It should be noted that the crystalline
lamellae feature is too weak to be distinguished from the background under out-of-plane mode. This implies that
there are negligible edge-on (chain stems parallel to the substrate) crystalline lamella found in the sample.
Therefore, the GIXRD experiments were performed in in-plane mode as shown in Fig. 1(a). Furthermore, we can
infer that crystallographic c-axis (chain stems) of PCL is perpendicular to the substrate. Considering the
anisotropy of imprinting-induced material flow, the detection was performed in both parallel (P) and normal (N)
to the long axis of the trenches (LA). As shown in Figs. 3(b)-3(d), the intensity of crystalline peaks increases
with the decrease of the trench size. Moreover, in the N direction, only one peak is observed which is centered at
21.3°. In contrast, there are two obvious peaks centered at 21.3° and 23.6°, respectively found in P direction.
This means that the PCL crystals have anisotropic arrangement. Using Bragg’s equation and the lattice constants
of the orthorhombic PCL unit cell ¢ = 0.745 nm, b = 0.498 nm and ¢ = 1.705 nm*?, we can attribute the
diffraction peaks at 21.3° and 23.6° to the reflections of (110) and (200) planes, respectively. Moreover, we can
ascertain that the crystallographic a- and b-axes are normal and parallel to LA, respectively. This is consistent
with the GIXRD out-of-plane results.
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Fig. 3 Intensity profiles of the in-plane GIXRD patterns measured at ¢; = 0.16° for the (a) as spun and
thermal-annealed PS-b-PCL thin films, (b) S-833, (c) S-566 and (d) S-420
N and P indicate the incident X-ray beam being normal or parallel to the long axis of trenches, respectively.
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In order to characterize the anisotropic orientation of the PCL crystals, the imprinted samples were scanned
azimuthally. The azimuthal dependent intensity profiles of the S-566 and S-420 are shown in Fig. 4. In the
azimuthal intensity profiles in Figs. 4(a)-4(d), we find that the (110) reflection displays four separated arcs and
the (200) reflection two separated arcs. Quriam ef al. predicted that, in the ideal case, the (110) maxima should
be separated by an azimuthal angle of 116° across the equator'?’). The measured azimuthal separation angles (,
as shown in Fig. 5) for the S-566 and S-420 are 110° and 122°, respectively. The values were obtained by fitting
a Gaussian function to each diffraction peak. The experimental & values agree well with the ideal values” %
and are comparable to the experimental results in the nanoscale cylinders such as PB-b-PCL!""!, PS-p-PCL!*!
and PE-block-poly(3-methyl-1-butene)*”). This indicates that the hierarchical confinement in imprinted PS-b-
PCL thin films can take similar role as the nanoscale cylinders in directing the crystal growth. According to the
azimuthal results, we can retract the arrangement of the crystal and the confinement from the mold. As shown in
Fig. 5, well-ordered PCL crystals are prepared in the imprinted PS-o-PCL thin film.
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Fig. 4 Azimuthal dependent intensity profiles of the (110) and (200) reflections for (a and b) S-566 and
(c and d) S-420

It should be noted that the initial scanning positions in panels (a) and (b) are orthogonal to the long axis
of the trench (LA) while those in panels (c) and (d) are parallel to LA. The peaks were fitted each with
a Gaussian function as indicated with the solid lines.
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Fig. 5 Schematic diagram of the crystallographic pattern with indexed reflections and the
confinement resulting from the mold

The crystallographic c-axis is vertical to this image, CD and LA represents the confined
direction and the long axis of the trenches, respectively. The adjacent peak centers of (110)
plane make an azimuthal angle §about the equator.

To further explore the influence of the trench size on the crystallization of PS-b-PCL, the normalized
maximum peak intensities from the intensity profiles in Fig. 3 are presented in Table 1. Compared to the as spun
sample, enhanced crystallinity is observed in the thermal-annealed one. This could be reconciled by the fact that
the reorganization of the microphase structure during annealing released the frozen PCL?*!. In the thermal-
annealed PS-b-PCL, the PCL crystal tends to extend parallel with the substrate because it is confined by the
microphase structure in the orthogonal direction®”. This explains why only flat-on lamellae were detected with
the GIXRD. Moreover, in the imprinted PS-b-PCL, the /1o in both N and P directions and /5y in P direction
increase with the decrease of the mold periodicity while there is no regular change for oy in N direction. Taking
into consideration that the crystallographic b-axis is the fast growth direction of PCL, we can understand its
extension along LA due to unimpeded growth and more available crystallizable material in that direction®”),
However, this finding is quite different from the generally accepted model, namely, the polymer crystallinity will
decrease due to the space confinement'” * *!. The decrease of crystallinity due to spatial confinement is also
reflected in the S-833 and micromolded PCL samples as shown in Table 1. Compared to the thermal-annealed
PS-b-PCL, S-833 shows a lower crystallinity. Furthermore, the crystallinity of micromolded PCL samples
decreases in both N and P directions decreasing mold periodicity. Thus, we can infer that the enhanced
crystallinity of micromolded PS-b-PCL samples can be related to the ordered microphase structure. This ordered
microphase structure counterbalances the decrease of crystallinity resulting from spatial confinement.

Table 1. Normalized peak intensities (I*) of (110) and (200) with respect to the change
of trench size for the incident X-ray normal (N) and parallel (P) to the LA

PS-6-PCL PCL
I11o Lo I11o Lo

as spun 0.024 0.016 0.663 0.223
thermal-annealed 0.058 0.039

S-833 P 0.055 0.035 0.208 0.11

S-566 P 0.095 0.062 0.181 0.05

S-420 P 0.233 0.189

S-833 N 0.026 0.021 0.543 0.112

S-566 N 0.086 0.032 0.232 0.09

S-420 N 0.109 0.028

* The normalized intensity was calculated by dividing the detector value with the incident photon flux value
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In order to prove our assumption and address the function of the microphase structure, we used nanobeam
GISAXS (nGISAXS) which already was successfully applied to study the structures of polymer thin films~*,
In our case the electron densities for the PCL crystals and amorphous PS blocks are 393 and 340 e/nm’,
respectively'” **. This makes nGISAXS a suitable method for the analysis of PS-h-PCL thin films. To detect the
microphase structure of the PS-5-PCL thin films, the ¢; was set at 0.3° which is bigger that the ¢ of PS-b-PCL
(0.098°, see S3 of supporting information). By choosing the S-833, for which the periodicity value is larger than
the beam size, we can focus on the microphase structure orientation in a single grating line.

Figure 6 shows the nGISAXS patterns of the imprinted and thermal-annealed PS-b-PCL thin films. The
thermal-annealed sample without imprinting is presented as a comparison. The prominent feature in the
nGISAXS pattern consists of a vertical intensity streak showing that the regular structure exists only in the
direction normal to the substrate®). This is in line with our GIXRD experimental results where only flat-on
crystals were detected in PS-b-PCL thin films. We attributed these findings to the fact that PCL wets the
substrate and amorphous lamellae in the PS-5-PCL thin film are formed parallel to the substrate!®”’. Moreover, as
shown in Figs. 6(a) and 6(b), the nGISAXS patterns show several ordered intensity stripes in the vertical
direction in the imprinted sample. In contrast, as shown in Fig. 6(c), such features are absent in the thermal-
annealed PS-b-PCL thin film.
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Fig. 6 Representative nGISAXS patterns of the PS-5-PCL thin films: (a) S-833 with the incident X-ray
parallel to the LA, (b) S-833 with the incident X-ray normal to the LA and (c) thermal-annealed sample
The scale bars indicate 0.35 nm™'. The specular beam position (SB) is blocked to show better contrast.
The black stripe is caused by the gap between the modules of the detector (IDG).

To characterize these stripes, Fig. 7 presents the intensity as a function of ¢, around ¢, = 0. For the analysis
of the imprinted samples as shown in Figs. 7(a) and 7(b), we marked the periodic features with dotted lines. We
confirm that the ordered lamellae structure exists in the imprinted PS-b-PCL thin films because one finds nearly
equally spaced adjacent peaks. We find a lamellar periodicity of dj,, = 25.4 = 1.3 nm. As the electron density
difference in PS-b-PCL is mainly resulting from PS and crystallized PCLI*"*!), we can attribute this value to the
periodicity of crystallized PS-b-PCLP®!,

As shown in Fig. 7(c), no regular sharp peak is observed in the thermal-annealed PS-b-PCL thin film. This
means it has a much less regular structure than the S-833. As shown in Table 1, thermally annealed PS-»-PCL
has similar crystallinity with the S-833. The absence of the regular stripes (Fig. 6¢) and a lamellar signal
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(Fig. 7¢) in the thermal-annealed PS-h-PCL thin film could then be attributed to the irregular arrangement of the
PS and crystalline PCL layers. This could be rationalized by the dewetting induced rupture of the film. The
material aggregates into droplets (see S3 of Supporting Information). Concerning the S-833, the dewetting of PS-
b-PCL is inhibited by the mold and the material flow is influenced by the geometric confinement, thus well
aligned grating structure is observed in Fig. 2(b). The structure difference between thermal-annealed PS-b-PCL
and S-833 is also corroborated with the change of Yoneda peaks (¢, = 0.55). As shown in Fig. 7(c), a slim
Yoneda peak resulting from the substrate is observed while, as shown in Figs. 7(a) and 7(b), several shoulder
peaks around the Yoneda peak resulting from the polymer and silicon substrate are observed. The shoulder peaks
in Figs. 7(a) and 7(b) are resulting from the Yoneda peak of PS-5-PCL and it is the reflection of the enhanced
electron density difference between PS and crystallized PCL.
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Fig. 7 Vertically integrated nGISAXS data of PS-5-PCL thin films at ¢, = 0: (a) S-833 with the
incident X-ray parallel to the LA, (b) S-833 with the incident X-ray normal to the LA and (c)
Thermal-annealed PS-5-PCL thin film

The absence of the signal at around ¢, = 2.1 nm™' is attributed to the IDG of the detector. The
periodic features are indicated with dotted lines.

Finally, we analyze the inherent mechanism for the significantly enhanced crystallization in the
micromolded PS-H-PCL diblock co-polymer thin films with the decrease of mold size. First of all, the material
flow in the imprinted samples is influenced by the geometric confinement of the mold. Large-area dewetting, as
observed in the thermal-annealed PS-b-PCL thin film, is inhibited. Secondly, the imprinting-induced flow
promotes the microstructures of PS-5-PCL align along the PDMS wall. Moreover, the selective interaction
between PDMS and PS-5-PCL leads to the ordering of the polymer. Considering that PDMS has a very low
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surface energy, the PCL block which has a lower surface energy than the PS block would aggregate at the
PDMS/PS-b-PCL interface to minimize the interface energy!'® *”. The smaller the trench size, the more
dominant is this affinity due to the increased contact area and surface-to-volume ratio. Thirdly, the ordering of
the PS-5-PCL microphase structure in the melt could promote the nucleation of PCL, as the polymer chain at the
tethering point could be stretched®’. The chain interpenetration between PS and PCL is expected to be
decreased. This paves the way for the PCL molecules to diffuse towards the crystal growth front** **!, Finally,
the PCL crystallization is well confined in the vitreous PS matrix and crystal growth is diffusion-limited (see S1
of Supporting Information). The geometric confinement leads to an enrichment of PCL along the long-axis of the
trench. This directs the fast-growth axis of PCL along the same direction. Thus, well aligned crystals were
observed in S-566 and S-420 as shown in the azimuthal data in Fig. 4.

Our findings prove that the combination of mesoscale confinement resulting from optical lithography and
nanoscale confinement from microphase segregation of block copolymer is a useful tool to control the molecular
crystallization. Considering that the crystallization represents the atomic scale length order of material, it
establishes the way to fabricate the long-range order nanostructures with high precision in a simple and
cost-effective way.

CONCLUSIONS

In this work, the long-range ordered crystalline structure was prepared by micromolding semicrystalline PS-b-
PCL diblock copolymer thin films. On the basis of a series of complementary characterizing results, we
illustrated that micromolding has a great influence on the microphase structure and crystal orientation of PS-b-
PCL. Significantly enhanced crystallization is reported for the first time. By comparing with the thermally
annealed PS-b-PCL and imprinted PCL thin films, we inferred that the enhanced crystallization of imprinted PS-
b-PCL is driven by the surface-induced ordering of PS-b-PCL in melt which paves the way for the following
crystallization, i.e., enhanced nucleation and fast growth along the LA of the mold. This inference was
corroborated with the nanobeam GISAXS experiments, namely, regular lamellae structure and Yoneda peaks for
PS and crystalline PCL were observed only in the imprinted PS-5-PCL thin films. These findings prove that the
long-range ordering of nanostructures at atomic length scale could be achieved by tuning the mesoscale
confinement.
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