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Macroscopic 10-Terabit—per—
Square-Inch Arrays from Block
Copolymers with Lateral Order

Soojin Park,* Dong Hyun Lee," Ji Xu,* Bokyung Kim,* Sung Woo Hong,*
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Unyong Jeong,? Ting Xu,®t Thomas P. Russell*t

Generating laterally ordered, ultradense, macroscopic arrays of nanoscopic elements will
revolutionize the microelectronic and storage industries. We used faceted surfaces of commercially
available sapphire wafers to guide the self-assembly of block copolymer microdomains into
oriented arrays with quasi—long-range crystalline order over arbitrarily large wafer surfaces.
Ordered arrays of cylindrical microdomains 3 nanometers in diameter, with areal densities in
excess of 10 terabits per square inch, were produced. The sawtoothed substrate topography
provides directional guidance to the self-assembly of the block copolymer, which is tolerant of
surface defects, such as dislocations. The lateral ordering and lattice orientation of the single-grain
arrays of microdomains are maintained over the entire surface. The approach described is parallel,
applicable to different substrates and block copolymers, and opens a versatile route toward

ultrahigh-density systems.

ray of addressable nanoscopic elements that

is perfectly ordered over macroscopic length
scales is a formidable challenge. The self-assembly
of block copolymers (BCPs), two chemically dis-
similar polymers joined together, is emerging
as a promising route to generate templates and
scaffolds for the fabrication of nanostructured
materials and offers a potential solution to this
challenge (/-3). Despite the substantial advances
that have been made to enhance the lateral or-
dering of the BCP microdomains in thin films,
achieving perfect order over macroscopic length
scales has not been possible (4—7). In thin films,
BCPs self-assemble into grains, tens of microns
in size, of laterally ordered nanoscopic micro-
domains. Electron beam (e-beam) lithography
is a serial writing process, and although slow,
has been successfully used to produce nano-
scopic chemical or topographic surface patterns
that can be used to guide the self-assembly of

Producing a surface with an ultradense ar-
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BCPs (4, 5, 8, 9). However, even though the self-
assembly of BCPs can correct errors in the pat-
terns, perfect ordering over large areas has not yet
been achieved. Nanoimprint lithography (10, 11),
on the other hand, is a parallel patterning process
but requires a perfect master to replicate. We show
that most of these limitations can be overcome by
capitalizing on a well-established surface reconstruc-
tion of commercially available single-crystalline
wafers to generate nanoscopic surface facets that
can guide the self-assembly of BCPs into a highly
ordered, single-grain array of nanoscopic elements
with a well-defined orientation over large areas.
Large, defect-free single-crystalline wafers,
such as silicon or sapphire, with a well-defined
orientation of the crystal lattice are commercially
available (/2—74). By the cutting of single crys-
tals along specific crystallographic planes, unstable
surfaces can be produced that, upon heating, re-
construct, generating crystal facets that form a saw-
tooth topography, where the orientation of the
ridges formed by the sawtooth persists over the
entire surface (13, /4). Sapphire (0-ALO3), cut
along the (1010) or M plane, is used as an exam-
ple, although the concept applies to other single-
crystalline materials. The surface reconstruction
is shown schematically in Fig. 1 along with atomic
force microscopy (AFM) images of a freshly cut
and a faceted sapphire surface (13, /4). Initially
the surface is featureless. Upon annealing, the
surface reconstructs and crystalline facets form a
sawtooth pattern on the surface. With the sapphire

substrates used in this study, the pitch of the saw-
tooth was varied from 160 to 24 nm, with peak-
to-valley heights or amplitudes ranging from 20
to 3 nm by being annealed in air at temperatures
from 1300° to 1500°C for 24 hours [supporting
online material (SOM), section S1]. Crystallo-
graphic registry of the facets over macroscopic dis-
tances is ensured, because the sapphire is a single
crystal (/4). There are, though, dislocations and an
~26% variation in the pitch, randomly located
across the surface.

Five different polystyrene-block-poly(ethylene
oxides) (PS-b-PEOs), with number-average mo-
lecular weights (M) from 7 to 43.0 kg/mol,
polystyrene-block-poly(2-vinylpyridine) (PS-b-
P2VP) (M, = 19.5 kg/mol), and PS-b-P4VP
(M, = 19 kg/mol), all with narrow molecular
weight distributions and minor volume frac-
tions of ~0.3, were used (SOM, section S1). In
the bulk, these BCPs microphase-separate into
hexagonal arrays of cylindrical microdomains of
PEO, P2VP or P4VP in a PS matrix. Thin films
of the BCPs were spin-coated onto the faceted
surfaces, which were cleaned with oxygen plasma
(SOM, section S1).

Shown in Fig. 1E is a solvent-annealed,
24-nm-thick (as measured on a flat surface) film
of PS-b-PEO (M,, = 43.0 kg/mol) on a sapphire
surface, with facets having an average pitch of
130 nm and amplitude of 14 nm. Upon solvent
annealing, the film is sufficiently thin that the
copolymer is entrained into and confined within
the regions between the facets. The solvent an-
nealing process orients and orders the PS-b-PEO
(15), but the average period is 23 nm, much less
than the 29.5-nm period seen for this copolymer
solvent annealed on a smooth surface. Conse-
quently, the confinement causes a reduction in
the fundamental period of the copolymer, as seen
in studies of copolymers confined between planar
surfaces (16—18) or within lithographically gen-
erated surface patterns (/9). The facets essentially
isolate strips of the copolymer across the surface.

With increasing film thickness, the amount
of copolymer within each sawtooth increases,
effectively reducing the amount of lateral con-
finement, which gives rise to the observed in-
crease in the repeat period of the copolymer
(SOM, section S2). When the film is sufficiently
thick, as shown in Fig. 1F for a 34-nm-thick film
of the same copolymer on a surface with facets
having a pitch of 100 nm and amplitude of 10 nm,
solvent annealing generates a single hexagonal
array of cylindrical microdomains oriented normal
to the film surface, with an average period of
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29.5 nm, equal to that of the copolymer solvent
annealed on a planar surface. A single array
covers the entire surface, where the (10) planes of

-

lllsrcul Single Crystal

the hexagonal array run parallel to the edges of
the facets, which preferentially divide two
adjacent (10) planes. This orientation of the

Fig. 1. Schematic illus-
tration of the strategy
used for generating BCP
cylindrical microdomains
on highly oriented crys-
talline facets on a single-
crystal surface. Here, the
M-plane sapphire (A) was
annealed in air at 1300°
to 1500°C for 24 hours to
form sawtooth patterns.
(B) Upon thermal anneal-
ing, the flat surface of the
M-plane sapphire recon-
structs into facets with the
(1101) and (1102) planes
on opposite edges. (C)
Smooth PS-b-PEO (M, =
43.0 kg/mol) thin films
were spin-coated onto
these surfaces that, upon
annealing in o-xylene va-
pors (D), produced highly
ordered cylindrical micro-
domains oriented normal
to the film surface. AFM
height images of the sub-
strate at each step are
shown at the top. (E and
F) AFM phase images of
solvent-annealed PS-b-

Annealing 1 Saw-tooth Pattern

PEO (M, = 43.0 kg/mol) films with thicknesses of (E) 24 nm and (F) 34 nm on a surfaces with facets
having pitches of 130 and 100 nm with amplitudes of 14 and 10 nm. Scale bars, 200 nm.

Fig. 2. AFM height images of sawtooth patterns and phase images of solvent-annealed PS-b-PEQ thin
films. (A and D) When M-plane sapphire was annealed at 1400° and 1500°C, a pitch of ~48 and ~24 nm
and a peak-to-valley depth of ~6 and ~3 nm were obtained, reszpectively. Highly ordered PEO cylindrical
microdomains having areal densities of 0.74 to 10.5 terabit/inch® from PS-b-PEO (M, = 26.5 kg/mol) (B),

PS-b-PEO (M,, = 25.4 kg/mol) (C), PS-b-PEO (M,, = 21.0 kg/mol) (E), and PS-b-PEO (M,, = 7.0 kg/mol) (F)
BCP thin films annealed in o-xylene vapor were obtained. Scale bars, 100 nm.

REPORTS I

hexagonal array minimizes perturbations of the
lateral packing of the BCP chains and the
deformation of the chains at the substrate
(SOM, section S2). Because the BCP film is
continuous across the edges, the lateral ordering,
as opposed to the substrate topography,
determines the exact placement of the micro-
domains, because the entropic penalty is less than
that if the BCP were to follow the substrate
topography exactly. Consequently, defects in the
lateral packing of the microdomains that arise
from the substrate topography are healed by the
lateral assembly. Thus, a single copolymer array
with a high degree of lateral order is produced, in
which the orientation of the lattice is guided by the
substrate topography. Consequently, the period of
the copolymer, L, and the pitch of the substrate
topography, Ls, must not be equal. We used Ls/L
ratios of up to 3 without degrading the lateral
ordering. If the thickness of the film relative to the
amplitude of the facets is too large, the substrate no
longer guides the lateral ordering, and results similar
to those of films generated on a planar surface are
found (SOM, section S2).

Figure 2, A and D, show AFM images of two
faceted sapphire surfaces along with thin films
of four different PS-h-PEOs. These are M-plane
sapphire surfaces annealed at 1400° and 1500°C
in air for 24 hours with facet pitches of ~48 and
~24 nm and amplitudes of ~6 and ~3 nm, re-
spectively. Figure 2, B and C, show AFM height
images of ~43.5- and ~41.2-nm-thick films of PS-
b-PEO (M, = 26.5 kg/mol and M, = 25.4 kg/mol,
respectively), that were spin-coated and solvent-
annealed in o-xylene on the surface shown in
Fig. 2A, whereas Fig. 2, E and F, show AFM
height images of ~30.6- and ~20.0-nm-thick
films of PS-b-PEO (M, = 21.0 kg/mol) and Au
salt-complexed PS-b-PEO (M, = 7.0 kg/mol)
that were prepared on the surface in Fig. 2D. Au
complexation was used to induce the microphase
separation of the PS-b-PEO (M,, = 7.0 kg/mol),
which is otherwise phase-mixed in the bulk
(SOM, section S1). In all cases, regardless of the
position on a 1.5 x 1.5 cm? sapphire wafer, the
solvent-annealed films show lateral ordering of
the hexagonally packed cylindrical microdomains
over the entire area scanned (2 x 2 um). The
facets on the substrate do not confine the BCP
laterally or influence its period. The Fourier
transform of the AFM images in Fig. 2, B and
C, show multiple higher-order interferences char-
acteristic of the long-range ordering of the cy-
lindrical microdomain arrays that are aligned
with the facets on the substrate. Moiré patterns
(20), which are interference patterns produced by
overlaying a reference grating on the AFM image,
show a single grain of the cylindrical micro-
domains over 25 x 25 um? areas for PS-b-PEO on
the faceted sapphire surface in Fig. 2D (SOM, fig.
S4). From the AFM image, an orientational order
parameter (SOM, section S4) of 0.93 is found that
does not decay. An algebraically decaying corre-
lation function of the translational order with an
exponent of 0.32 (SOM, section S5) is found,
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characteristic of quasi-long-range crystalline order
(21). Feature sizes ranging fiom 13 to 3 nm, with
lattice spacings from 30.2 to 6.9 nm, respectively, are
shown in Fig. 2 that correspond to areal densities of
the microdomains fiom 0.74 to 10.5 terabit/inch®.
With decreasing size and period of the BCP micro-
domains, the orientational order and translational
order were found to be improved. Similar results
were also obtained with PS-h-P2VP and PS-b-
P4VP, underscoring the generality of this approach
(SOM, fig. S9, A and B).

Although AFM characterizes the local ordering
of the microdomains (typically 20 x 20 um), char-
acterization of the ordering on the nanoscopic
level over macroscopic length scales is required.
Grazing incidence small-angle x-ray scattering
(GISAXS) (SOM, section S6), in which x-rays
impinge on the surface of the film at very small
angles, was used to characterize the nanoscopic
ordering of the BCP thin films over macroscopic
distances, because the footprint of the x-ray beam
is ~2 cm in length across the surface (22, 23). At
incidence angles above the critical angle of the
polymer (~0.16°) but below the critical angle of
sapphire (~0.28°), the x-rays penetrate into the
polymer film and are totally reflected at the sap-
phire interface. When PS-5-PEO (M, =26.5 kg/mol)
was solvent-annealed in a benzene and water envi-
ronment, the sizes and separation distances of the
cylindrical microdomains were larger than those
seen in the bulk, because solvent annealing leaves
the BCP film in a nonequilibrium (though highly
reproducible) state (15, 24). PS-b-PEO (M, =
26.5 kg/mol) shows an average center-to-center
distance between the cylindrical microdomains of
63.5 nm, whereas the center-to-center distance in
the bulk is 36.5 nm. By rotating the film about the
surface normal, discrete directions were found that
corresponded to specific lattice lines of a two-
dimensional (2D) hexagonal array. The sample
was aligned so that the direction of the x-ray beam
coincided with the (10) plane of the hexagonal
array (schematically shown in the insets of Fig. 3)
to collect the GISAXS pattern in Fig. 3A. Bragg
rods (reflections along the horizon that are ex-
tended in the vertical) are seen at scattering vectors
characteristic of the (/,0) planes, where / is an
integer, of a hexagonal array of cylindrical micro-
domains oriented normal to the surface that are
truncated at the surface (25). A line scan along the
horizon is shown in the inset. No evidence of (/k)
reflections, where & is nonzero, is observed, indi-
cating that there is no misorientation of the lattice
over the area sampled by the beam (that is, the
BCP array consists of a single grain). When the sam-
ple is rotated 30° (schematically shown in the in-
set of Fig. 3B), Bragg rods are seen at scattering
vectors corresponding to the (10), (11), (20), (21),
(30), etc. planes characteristic of a hexagonal array
of cylinders oriented normal to the film surface
(Fig. 3B). A line scan along the horizon is shown
in the inset. When the sample is rotated 30° fur-
ther (Fig. 3C), only (%,0) reflections are seen and
another 30° rotation (Fig. 3D) shows an orientation
identical to that in Fig. 3B. Because only (/,0) re-
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Fig. 3. Schematic 2D hexagonal lattices (insets at right) and the GISAXS patterns of PS-b-PEO thin films
annealed in benzene and water vapors. (A and C) Integer-order diffraction peaks are shown from GISAXS
patterns of cylindrical microdomains, when the x-ray beam follows the (10) lattice line (0° or 60°). (B and D)
When the sample stage is rotated to 30° or 90° from this position (schematic in insets), diffraction peaks from
(11) and (21) lattice lines are seen. Line profiles of the scattering as a function of the scattering vector are shown
in the insets at left in (A) and (B). 65, in-plane scattering angle; g, in-plane scattering vector; a.u., arbitrary units.

flections at three views separated by 60° from a
known hexagonal array, we conclude that the film
contains a single hexagonal array with no grains or
misorientations of the lattice over macroscopic length
scales; that is, the in-plane orientational ordering
is perfect over the entire surface (~4 cm? of area).

The reconstruction of BCP thin films by im-
mersion in a good solvent for the minor compo-
nent but a nonsolvent for the matrix was used to
convert the BCP films into nanoporous films in
which the diameter of the pores is commensu-
rate with the original diameter of the cylindrical
microdomains (25, 26). For films of PS-based
BCPs with PEO, P2VP, and P4VP cylindrical
microdomains, if the film’s thickness corre-
sponds to one period, then immersion in ethanol
produces ultrahigh-density nanoporous films
(SOM, fig. S9, A and B) that are ideal templates
and scaffolds for the fabrication of ordered nano-
scopic arrays of inorganic materials suitable for
device applications (25, 27).

On any single-crystalline substrate, there will
be defects such as dislocations in the facets on
the reconstructed surface. These defects are not

seen in the BCP microdomain arrays. Shown in
Fig. 4A is a 40-nm-thick film of PS-»-PEO (M, =
26.5 kg/mol) with a highly ordered hexagonal
array of cylinders oriented normal to the surface.
The image of Fig. 4B was taken by translating
the sample by ~2 um. A piece of the film was
removed from the surface, revealing the under-
lying substrate. One dislocation (indicated by an
arrow in Fig. 4A) was located on the uncovered
area that served as a marker. Subsequently, the
entire PS-5-PEO film was removed by thoroughly
rinsing the substrate with benzene. AFM images
of the cleaned sapphire surface are shown in Fig.
4D and, with the sample translated by ~2 um, in
Fig. 4E. The marker dislocation was identified
(indicated by an arrow in Fig. 4D) and, even
though the sapphire surface shown in Fig. 4, D
and E, contained many dislocations (circled in
Fig. 4F, the black and white image of Fig. 4E),
the ordering of the copolymer film shown in
Fig. 4B, taken over the same area as in Fig. 4D,
was unperturbed. A Voronoi diagram (217) of the
data in Fig. 4B is shown in Fig. 4C, where only
a single bound pair of defects is seen (SOM,
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Fig. 4. (A) AFM height images of solvent-annealed PS-b-PEO (M, = 26.5 kg/mol) thin films. To reveal the
underlying substrates, a strip of the film was scratched from the surface and a dislocation (indicated by an
arrow) was identified. (B) AFM image of a region shifted by ~2 um from the image in (A). (C) The
corresponding Voronoi construction of (B). (D and E) AFM images of the substrate surface after removal of
the BCP film with the same dislocation in (A) indicated by the arrow in (D). (F) AFM image of the substrate
underneath the BCP film from which the Voronoi diagram was constructed, with dotted circles indicating
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some of the dislocations. Scale bars, 100 nm.

section S8). This pair of defects is not associated
with any defect on the underlying substrate but
originates from the BCP self-assembly. These
results show that the BCP self-assembly does not
follow the substrate defects and that the BCP
self-assembly overrides these defects.

We have demonstrated a very simple, general
route to obtain highly ordered ultradense arrays in
BCP films over macroscopic distances using faceted
surfaces of commercially available single-crystal
sapphire substrates. Despite defects in the surface
topography, such as dislocations and a distribu-
tion of pitches, the BCPs self-assemble into hex-
agonal arrays of cylindrical microdomains oriented
normal to the film surface with essentially perfect
orientational order and a quasi-long-range crystal-
line order. The self-assembly overrides substrate
defects and uses the topography only as a guide
to the orientation of the arrays. Arrays of 3-nm-
diameter cylindrical microdomains oriented nor-
mal to the film surface with a center-to-center
distance of 6.9 nm (that is, having areal densities in
excess of 10 teIabit/inchz), which is at least an order
of magnitude over current capabilities, have been
produced. These BCP films are promising candi-
dates for the generation of ultrahigh-density media
that have the potential of being addressable.
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The Formation of Warm Dense
Matter: Experimental Evidence for
Electronic Bond Hardening in Gold

Ralph Ernstorfer,* Maher Harb, Christoph T. Hebeisen, German Sciaini,
Thibault Dartigalongue, R. ]. Dwayne Millert

Under strong optical excitation conditions, it is possible to create highly nonequilibrium states of
matter. The nuclear response is determined by the rate of energy transfer from the excited
electrons to the nuclei and the instantaneous effect of change in electron distribution on the
interatomic potential energy landscape. We used femtosecond electron diffraction to follow the
structural evolution of strongly excited gold under these transient electronic conditions. Generally,
materials become softer with excitation. In contrast, the rate of disordering of the gold lattice is
found to be retarded at excitation levels up to 2.85 megajoules per kilogram with respect to the
degree of lattice heating, which is indicative of increased lattice stability at high effective
electronic temperatures, a predicted effect that illustrates the strong correlation between electronic
structure and lattice bonding.

tals have been extensively studied with the
use of femtosecond spectroscopic methods
based on all-optical pump-probe techniques. Al-

Photo-induced structural dynamics of crys-

though this approach can probe the electronic
response of metals and semiconductors to optical
excitation with high time and energy resolution,
it only provides indirect information on the nu-
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