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ABSTRACT

Nanoscale rotation moire “ patterns are observed in double-layer nanoporous thin films produced with use of block-copolymer self-assembly.
Periodic hexagonal moire = superstructures appear when the films possessing long-range order are superimposed at small misorientation
angles. Overlapping films misoriented by angles close to 30  ° generate aperiodic quasi-crystal-like superstructures with 5-fold symmetries.
The stacking of the disordered nanoporous films produces labyrinth-like patterns. Block-copolymer moire " superstructures are promising as
nanolithography masks with controllable morphology and periodicity.

Moiré patterns are common in everyday life and often occur of the cell's membranes formed by lipid molecules. Recently,
when two lattices overlap one another (e.g., in folds of sheer moiré fringes were shown to be a powerful tool for the
curtains). They were used in technidund even inspired  generation of micro-and nanoscale patterns and two-
artists? Before the invention of holographic interferometry, dimensional (2D) superlattices. Regular arrays of dislocation
moire patterns constituted a popular tool to study deforma- lines were obtained by twisting two identical silicon wafers
tions, which can be calculated from the nidiieges formed  one against the other at a precisely controlled angle and
by two interfering line screens, one is printed on the loaded ponding them together to make a bicry$tSkelective etching
solid model and the other is used as the referéfde moire of the screw dislocations generated in this way permits
phenomenon is omnipresent also at the nanoscale. Rotatiortontrolled fabrication of nanodot arrays with-200 nm
moire superlattices were observed in graphite layers since spacing. Moifefringes characterized by a few micrometer
early days of scanning tunneling microscopy (STM). The spacing were synthesized by the two-step nanoindentation
origin of these superlattices is actively debated because ofjithography on aluminum substrates with a master stamp
importance of pyrolytic graphite as a standard substrate for consisting of regular arrays of $8i; micropyramids. The
STM measurements. It is believed that mdiieges in this  fringes obtained after amplification of the indentations by
system can appear due to interference of tunneling currentsanogization realize novel kinds of micropatterns, which are

to multiple tips of the STM probe scanning adjacent parg 1o achieve with current state-of-the-art conventional
crystalline grains, which are rotated with respect to each lithography.

other? Hexagonal moiresuperstructures can arise also in
folded-back graphite monolayers as the result of the interac-
tion of the top and the bottom layetdRegular hexagonal

In this paper, we report the first observation of rotation
moirée patterns produced by overlapping block-copolymer
arrays of morphological units, identified as rotation moire (BCP) thin films self-assembled in the well-defined hexago-

patterns, were observed by transmission electron microscop)pal morphology._ Self-assembled_blocl_<-co_poly_mer films have
(TEM) of stained folded biological membrangsThese attracted much interest of material scientists in the last years

g - ; as nanolithography masks and templates for synthesis of
atterns prove indirectly the high degree of crystalline order . e .
P P y g g y nanoparticlesand membranes for ultra-filtratichie obtain
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Figure 1. The central part of a hexagonal morphology monodomain Figure 2. (a) TEM image of a nanostructured thin film floated

of a single-layer film. (&) TEM micrograph. The view size is 1.8 : ) :
um. The absence of the grain boundaries is evident if one observesand picked-up on a copper grid. (b) The boundary of one of the

) . single- and the double-layer zones, shown on the (a) with zoom-in
the figure at a small angle to the page. (b) Autocorrelated image i rooanh A few moirdringes are designated with a dashed white
of (a). Inset: power spectrum density (only the peaks of the basic

f h line for eye-guiding. On the both images, the numbers indicate the
requency are shown). number of the layers in the corresponding zones.

zoic acid (HABA) that is associated with the P4VP block
by hydrogen bonds. P4VR HABA complexes constitute ~ (Figure 2b) shows that superposition of the top and the
the minority component of the system and form cylinders, bottom hexagonally ordered layers gives rise to morphologi-
which are aligned along the normal direction to the film and cal features, which can be recognized as rotation moire
embedded into the PS matrix. Hexagonal ordering of the BCP patterns.
morphology was greatly enhanced by vapor anneafifigre TEM micrographs of several double-layer highly ordered
nanoporous films were obtained by rinsing the low-molecular films, overlapped at different angles, and arising rhoire
weight HABA from the cylinder domains. The films were patterns are shown on Figure 3. The brightness of the image
stabilized by plasma immersion implantation, which causes (the mass-thickness contrast) is proportional to the transpar-
crosslinking and partial or complete carbonization of the ency of the film to the electron beam, defined|g,y) =
polymer!® Then the films were floated on the surface of 1 J(x,y)/Jo = exp{ — h(x,y)/A}, where J(x,y) and J, are the
wt % aqueous solution of hydrofluoric acid, picked on intensities of the beam after and before the film, respectively,
metallic microgrids, and investigated by TEM. A is the mean free-path length of electrons, atdy) is the

The single-layer films are characterized by a high degree thickness of the film# Therefore, the transparency of the
of spatial coordination of the pores organized in a triangular double layer film is the product of the transparencies of the
lattice with the lattice constand ~ 30—35nm. In our single layersT(xy) = exp{ —(hy + h)/A} = T1(xy) Ta(X,y).
experiments, the monodomains of the triangular morphology According to the elementary theoly6 the periodicityD
are typically 23 um wide (see Figure la and Supporting of rotation moifefringes depends on the lattice constant of
Information, Figure S1). Long-range order is best proven a single layer,d, and the misorientation angle by the
by the autocorrelated image (Figure 1b) that is calculated asRayleigh relationp = d/[2sin(o/2)]. Note that superimposed
G(u,v) = O(x + u, y + v)I(xy)[Jwherel (xy) is the brightness  triangular pore lattices born a hexagonal msingerstructure.
of the image at the poinkfy), and brackets denote averaging The average feature size of the hexagonal pattern shown on
over all points. By the WienerKhinchin theorem, the  Figure 3ais D ~ 150 nm, as estimated by measuring the
autocorrelation function is related via Fourier transform to period of the pattern on the autocorrelated image (Figure
the power spectrum density (PSD) of the ima8g k). The 3a). The anglea for a pair of the overlapped films can be
latter is shown as the inset in Figure 1b. In the explored found by measuring the angular splitting of the PSD peaks
films, only part of the pores were really empty, whereas the (inset in the Figure 3% The experimentally observed
rest of them were partially filled by the carbonized material. parameter® = 150 nm,d ~ 33nm, anda. = 13° are in
Nevertheless, all the pores are clearly identified due to their good correspondence with each other, predicted by the
better transparency to the electron beam. theory. Besides the main peaks, related to triangular pore

The overlapping layers (Figure 2) appeared in our experi- lattices of the top and the bottom layers, PSD of the double
ments occasionally during the floating and picking-up layer film contains a hexagonal set of low-frequency peaks
procedures. Apparently, small fragments of the film were (marked by the dashed line circle on the inset in the Figure
deposited over the bigger film parts during drying of the 3a&), which can be attributed to the periodic mopattern.
solution on the top of the grids. The multilayered films arise These peaks can be described as a result of convolution of
also by occasional back-folding of the nanoporous films; in Fourier transforms, calculated for single layer films, disori-
that case more than two superimposed layers may appeaented by the angle (see ref 14 and Supporting Information,
(see Supporting Information, Figure 2). For the sake of Figure S3). Inverse Fourier transform of the reciprocal lattice
clarity, we consider here only the films consisting of two of the double layer film with use of the low-pass filter
layers. At low magnification (Figure 2a), the double layer (indicated by the dashed line in the inset to Figure) 3a
films differ from the single layer ones only by the transpar- reveals a hexagonal superstructure with the periodicity of
ency to the electron beam. A high-resolution micrograph the moirefringes (Figure 3g. Our interpretation of the mdire
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Figure 3. Upper row: TEM images of double-layer nanoporous films for different misorientation amgle,), oz = 13°; (by), o, = 19°,
(c1), 0 = 29°. Middle row: (&), (), and (¢) are the autocorrelated images of)(#bs), and (g), respectively. The insets show the Fourier
transforms of the autocorrelated images. The dashed line circles enclose the low-frequency impulses corresponding tsuperstnictures.
Bottom row: The superstructures visualized by low-pass filtering of the autocorrelated images. The pentagonal ri)@sedréwvn for
eye guiding. The analysis of the patterns was performed with the ugéSaMand ImageJfreeware.

phenomenon in the overlapped nanoporous films is supportedpattern arises when the misorientation angle approaches the
by a computer experiment (see Supporting Information, maximal value (30, for the triangular lattice). Figure 3c
Figure S4.). shows the fringes that appear in the films overlapped at

It is clear that moireeffect can be observed only if the = 29°. The pattern is aperiodic, yet strongly autocorrelated,
size of grains, superposed at a misorientation angle not as Figure 3gclearly indicates. PSD spectrum of the pattern
smaller than the periodicity of mdirginges predicted by  has almost perfect 12-fold symmetry, which is incom-
the Rayleigh relation for this angle. For example, o= mensurable with a translational periodicity. Intriguingly, the
5° the grain’s width should be not less than approximately low-pass filtering of the image reveals quasi-crystal-like
11 interpore distances. For our films, this corresponds to thefringes possessing 5-fold symmetry (Figure; 3nd Sup-
minimal grain sizeDy, ~ 350 nm. On the other hand, for a porting Information, Figure S5).
given sizeDg, of the grains, the minimal misorientation angle In a few experiments, we observed the films in which the
for which the moifeeffect can be detected is estimated as pore arrangement does not possess long range order. This is
Omin = 2 arcsin{/2Dg,). For 3um wide grains, which are  the case of poorly annealed BCP morphologies, in which
typical for our films, the misalignment angle can be as small only a small fraction of the pores is hexagonally coordinated.
as~ 0.2 Superimposing of such films produces disordered labyrinth-

A moiré pattern generated by two films misoriented at like patterns (Figure 4). A similar result is produced by
somewhat larger angle, = 19° is shown on Figure 3b overlapping polycrystalline films with small average sized
The hexagonal motifs on this image are smaller and less2D crystal grains (the limitations on the size of the grains
evident than the similar motifs on the previously discussed are discussed above). The distribution of color intensity of
pattern shown on Figure 3a. Yet, the nmidiieges are clear  the TEM micrographs (see the histograms on Figure 4)
on the autocorrelated image (Figure;Bbrhe superlattice  correlates with the thicknesses of the film. The distribution
obtained by low-pass filtering of the pattern (Figure)3tas is trimodal for the double-layer film, unlike bimodal distribu-
the lattice constanD ~ 84 nm, which is in good cor- tions for the single-layer ones. The three modes of the color
respondence with the theoretical value. A new kind of the intensity correspond to “matrix-against-matrix”, “matrix-
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we believe that a technique of the reproducible nanomask
Single layer fabrication can be developed. The major prerequisite for such
a technique is the control of the nanopore morphology over
large areas. This requirement was recently fulfilled by using
the top-down control of the block-copolymer self-assembly
on micropatterned substrates. It was demonstrated that the
Double layer most dense planes of the 2D triangular BCP morphology
align themselves along the edges of topographic or chemical
patterns, created by means of e-beam lithography or micro-
contact printing? In this way, a necessary orientation of a
BCP lattice can be induced over the entire substrate surface.
Figure 4. TEM image of a film produced by the superimposing 1 Ne oriented films can be then merged together at a desired
of two layers with a poor degree of pore coordination. Inset: PSD angle (see Supporting Information, Figure 8). As noted in
of the image. One of the clusters of the matrix-against-pore ref 7, the rotation angle is the same for all the length scales
overlapping is marked by the white line. The histograms show the o 5 system, consisting of two mutually rotating parts.

distributions of the color shades of a single layer film (such as . . .
presented on Figure 1a) and the double layer film. The brightlnessTherefore, the relative orientation of the nanostructures can

correlates with the film transparency for the electron beam. See P€ controlled with high accuracy by vr—_,lryipg the angle
also Supporting Information, Figure S6. between the substrates. To release the mpattern after

] ) . o the film's merging, one of the substrates can be made
against-pore” and “pore-against-pore” overlapping situations, ¢jeayable. NaCl crystals seem to be well suited for this
whereas in the single-layer films only the color shades ,,pose, because they are water solvable and have been
corresponding to the matrix and the pores are present. It iSy|ready used as substrates for well-ordered block-copolymer
the matrix-against-pore regions that form extended clusters 5ssemplied2 On the other hand, patterning of NaCl crystals
of intermediate degree of transparency for the electron beam.by means of e-beam lithography was also demonstrted.
Note that no similar clusters are seen on TEM-images of |, 5 different approach, a macroscopic orientation of BCP
single layer films. . lamellar morphologies was induced by “micromolding”

Discussion and Outlook. We have reported the first  gchnique with the use of a micropatterned elastomeric
observation of rotation mdirgatterns in superimposed stamp2* Another principle possibility of formation of the
nanoporous films derived from block-copolymer assemblies. qiralike superlattices is a consecutive exposure of an
Periods of moiresuperstructures, arising in overlapped BCP  g|actron beam resist through a single-layered nanoporous
nanoporous films, spun from dozens to hundreds of nanom-fjim at two different mutual angles of the film and the
eters. Thus, the BCP-generated rotation mbirgles cover g pstrate (see Supporting Information, Figure 9). Controlled
the length scale interval between the MAPErstructures  fomation of the moirmanomasks and superlattices with the
produced by twisting and merging of crystadsid the moite ;se of BCP films will be addressed in our future studies.
patterns made by microfabrication todl&t small misori-
entation angles, periodicity of hexagonal mdirages is well Acknowledgment. This research was supported by the
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Moiré patterns observed in overlapped nanostructured thin ~ Supporting Information Available: Figure S1: TEM
films can provide new rich opportunities for nanofabrication. micrograph of a 3.lum-wide monodomain of triangular
Recently, BCP films were shown to have great potential as lattice of pores. Figure S2: TEM micrographs of folded-
masks for nanolithograpHy:® Morphology of nanoporous  back nanoporous films. Figure S3: analysis of a moire
templates was transferred into substrates by reactive ionpattern in the reciprocal space. Figures-$6: computer
etching!® vacuum metal evaporatidfi,and electrodeposi-  simulation of the moir@henomenon in porous films. Figures
tion.?° Yet the variety of structures, which can be produced S7—S9: illustrations to proposed future research. This
with the use of single-layer BCP templates, is constrained material is available free of charge via the Internet at http://
to self-assembled morphologies, such as hexagonally coor-pubs.acs.org.
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