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We have observed a twin boundary in a triblock copolymer/silica mesophase thin film, produced by
spinning an acidic water-ethanol-tetraethoxysilane solution of a triblock copolymer on a hydrophilic
treated silicon substrate. The highly ordered structure of the mesophase thin film is formed by
ordering of self-assembled triblock copolymer micelles and was characterized with x-ray reflectivity
and transmission electron microscopy. The mesophase thin film consists of a face-centered-cubic
lattice and the orientation of the film surface is the$111% plane. Furthermore, a$111% twin plane is
observed in the mesophase thin film. ©2003 American Institute of Physics.
@DOI: 10.1063/1.1622433#
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In the last ten years, surfactant/silica mesophase ma
als have been synthesized in a variety of ordered fo
showing lamellar, hexagonal, and cubic phases.1–3 These are
called a new kind of crystal because they have long-ra
order like crystalline solids.4,5 Real crystalline solids have
imperfections or defects, such as point defects~vacancies
and interstitials!, line defects~dislocations!, and planar de-
fects ~twins, stacking faults, and grain boundaries!.6 In par-
ticular, the latter have an orientation difference in the atom
arrangement across the interface. In polycrystalline mat
als, planar defects~interfaces! are always present, and the
control is very important to improve the physical propert
of materials.7

For mesophase materials, one of the main objective
to improve the degree of ordering. Mesophase crystals
have defects, but these have rarely been studied excep
the topological defect of a hexagonal mesophase materi8,9

By using an electron microscope, Fenget al. observed pairs
of line defects~dislocations! as a form of dislocation dipole
and disclination quadrapole in a surfactant/silica mesoph
powder. The pairing of dislocations minimizes the strain e
ergy of the deformation and forms a curved surface.8 Hill-
house et al. also found topological defects in mesopha
films consisting of rounded granules, dislocations, a
disclinations.9 In the case of a mesophase thin film, the fo
mation and growth of mesophase structures is restric
within the film thickness. Therefore mesophase thin fil
can form planar defects, as has been reported for block
polymer thin films.10,11

In this study, we synthesized thin films of cubic m
sophase silica by using triblock copolymers that form a cu
phase in high concentrated solution. The ordered structur
triblock copolymer/silica mesophase thin films was char
terized by x-ray reflectivity and transmission electron m

a!Electronic mail: theoras@sci.kun.nl
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croscopy. We have observed a twin defect and will disc
the origin of its formation.

Poly~ethylene oxide!-poly~propylene oxide!-poly~eth-
ylene oxide! (EOM-PON-EOM , M and N are the
number of monomers, F1085EO133-PO50-EO133, F68
5EO77-PO29-EO77) triblock copolymers, were obtaine
from Poloxamer Co. Tetraethoxysilane@TEOS, Si(C2H5O)4]
with .98% purity was obtained from Acros Co. Ethan
~Merck, 99.9%, ACS! and double distilled water were use
Hydrochloric acid~HCl, 35 g/ml! was obtained from Aldrich
Chemical. A mixture~70:30 v/v! of sulfuric acid (H2SO4, 95
g/ml! and hydrogen peroxide (H2O2, 35 g/ml! was used to
clean the silicon wafer~Mitsubishi Material Silicon Co.! for
30 min at 90 °C.12 All chemicals were used as received. Th
cleaned silicon surface becomes hydrophilic. The clea
substrates were immediately rinsed and kept in distil
water.

To obtain a typical reaction solution, 0.008 M of tribloc
copolymer was dissolved by stirring a solution of 4.7 m
water (pH51.4, mixed with HCl solution! and 22 ml etha-
nol; then 6.4 ml of TEOS was added and stirred at ro
temperature.13 The mesophase thin film was prepared
spin-coating with a spinning rate of 5000 rpm and a spinn
time of 30 s. After spin-coating, the samples were dried
room temperature.

For the characterization of the synthesized thin film,
used transmission electron microscopy~TEM, CM20,
Philips, at 120 keV!, x-ray reflectometry~beamline 3C2
of the Pohang Light Source, Korea, x-ray waveleng
51.5402 Å), and atomic force microscopy~AFM, Auto-
Probe CP20, PSI!. TEM samples~for plane view! of the thin
films were prepared by taking them off the substrate a
putting them on a carbon-coated Cu grid. Ultramicrotom
~Ultracut UCT, Leica! was used to make cross-section
TEM samples with a thickness of about 70 nm. Dynam
light scattering~DLS, BI-200SM, Brookhaven Instruments!
was used to measure the micelle size of the triblock copo
mer in solution.
2 © 2003 American Institute of Physics
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The F108 and F68 triblock copolymers a
amphiphilic.14 They act as a structure-directing agent in
acidic water-ethanol-TEOS solution by self-assembly. In
previous study,13 the higher monomer number ratio of EO
PO of EOM-PON-EOM triblock copolymers was shown t
increase the structural ordering of mesophase thin fil
Therefore, we could control the structural ordering of t
mesophase thin films by increasing the EO to PO mono
number ratio to make a cubic structure.3,13 In the case of
F108 and F68 triblock copolymers, the EO to PO monom
ratio has the same highest value of 5.3.

The structure of the synthesized F108/silica mesoph
thin film was analyzed by x-ray reflectivity. Figure 1 give
the x-ray reflectivity data and plane indices of the F108/sil
mesophase thin film, that are consistent with a face-cente

FIG. 1. The measured x-ray reflectivity from the F108/silica mesoph
film. Indexed diffraction peaks correspond to Bragg reflection planes in
fcc system.qcritical is the critical angle for the total reflection of the incide
x ray.

FIG. 2. Three-dimensional view of the microstructure of the F108/si
mesophase thin film;~a! TEM image of the cross-sectioned film,~b! AFM
image of the film surface,~c! TEM image of the normal direction of the film
and ~d! SEM image at the film/substrate interface after detaching the
from the substrate.
Downloaded 18 Apr 2013 to 143.248.118.122. This article is copyrighted as indicated in the abstract
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cubic ~fcc! lattice structure. Using Bragg’s law and a lea
squares method, the lattice parameter of the F108/silica
sophase thin film was found to be 21 nm.15 Figure 2 gives a
three-dimensional view of the internal and external mic
structure of the F108/silica mesophase thin film. The TE
picture of a cross section@Fig. 2~a!# shows that the ordering
is most perfect near the film surface. Figure 2~b! is an AFM
image of the film surface, showing that the surface morph
ogy has a nanometer scale roughness. Figure 2~c! is a TEM
plane view of the mesophase thin film showing some gra
and grain boundaries. Figure 2~d! is a scanning electron mi
croscope~SEM! image of the thin film/substrate interfac
after detaching the thin film from the hydrophilic silicon su
strate. It shows that the thin film/substrate interface has a
ordered structure than the upper side of the mesophase
film.

Among the plane-view TEM images of the F108/silic
mesophase thin film, we can discover a$111% twin plane
along the^1̄12& axis of the fcc lattice system@Fig. 3#. Ac-
cording to the x-ray diffraction results@Fig. 4# and the TEM
images@Figs. 2~a! and 5~a!#, the F68/silica mesophase thi
film is more ordered than the F108/silica one. The peaks
Fig. 4 are the diffraction of the~111! plane because the thi
film aligned parallel to the~111! plane direction. By decreas
ing the molecular weight from 14 600 g/mol~F108! to 8400
g/mol ~F68!, the triblock copolymers formed smaller m
celles and the diffraction peak of the synthesized mesoph
thin film became sharper. The position 2u of the ~111! dif-

e
e

FIG. 3. ~a! Plane view of mesophase F108/silica thin film by TEM. Whi
spots and white line denote a$111% twin plane.~b! Schematic structure of fcc
crystal system and a$111% twin plane. The twin boundary is projected on th
$110% plane along thê1̄12& axis. The letters~A, B, and C! on the left side
denote the packing sequence of the$111% planes.

FIG. 4. X-ray diffraction peaks of the~111! plane of F108/silica and F68
silica mesophase thin films.
. Reuse of AIP content is subject to the terms at: http://apl.aip.org/about/rights_and_permissions
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fraction peak is shifted from 0.76° to 1.14°, yielding a
interplanar spacing (d111) of 11.5 and 7.7 nm, respectively
From the DLS experiments, we obtained the F108 mice
size (1161.5 nm) and the F68 micelle size (6.561 nm!.

Figure 5~a! is a cross-sectional TEM lattice image of th
F68/silica mesophase thin film in the@111# zone axis. Se-
lected area diffraction patterns~SADP! denote that the me
sophase thin film displays a shrinkage in the perpendic
direction nearby the surface. From this TEM image, the
ternal structure of the F68/silica thin film appears to be
highly ordered fcc structure. In the TEM image of the pla
view @Fig. 5~b!#, we also observed a twin boundary in th
F68/silica mesophase thin film. There are two possi
mechanisms that may explain why the triblock copolym
silica mesophase thin film has a twin boundary. One is th
growth twin can arise during the growth of the fcc m
sophase domains from the micelle solution. During t
growth process of the domains in the thin film, there is
growth limit on the domains along the vertical direction
the substrate because a thin film is a confined system~the
film thickness is below 300 nm!. Therefore, the domain
grow along a direction parallel to the substrate. If during t
process two domains meet, they make an interface, and
energy of that interface can be minimized by the format
of a twin, as a twin boundary is one of the lowest ene
interfaces. The other possible mechanism would be a
chanical twin by shear energy during spin coating, but
spinning rate~shear force! has to be more than 8000 rpm
form a twin boundary.16,17 Therefore, the twin boundarie

FIG. 5. ~a! Cross-sectioned TEM lattice image and SADP in a@111# direc-
tion ~zone axis!. ~b! TEM image of the twin boundary in a F68 tribloc
copolymer/silica mesophase thin film. White spots and solid line denote
$111% twin plane.
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observed in our experiment are mainly growth twins beca
the shear force of our experiment is too low for the formati
of mechanical twins.

In this work, we synthesized highly ordered fcc m
sophase thin films from a acidic water-ethanol-TEOS so
tion of F108 and F68 micelles. The molecule sizes of
triblock copolymers strongly effect the micelle ordering. F
made smaller micelles than F108 and formed a more orde
mesophase structure. We have shown a twin boundar
F108/silica and F68/silica mesophase thin films. It is
growth twin formed to reduce the interface energy during
growth of the domains in the fcc mesophase thin films.
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