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ABSTRACT Superlattices of colloidal nanocrystals hold the promise of new nanomaterials with tunable properties. The positioning
and size of these structures are often poorly controlled after self-assembly from the solution phase, making studies of their properties
difficult. We report the fabrication of ~100 layer thick, three-dimensional superlattices on a substrate with controlled lateral placement.
This novel fabrication technique generates long-range order over the micrometer scale and controlled placement by employing

lithographic patterning and microfluidic flow.
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colloidal nanoparticles (NPs)' =7 holds the promise of
new materials with tunable properties that differ from
those of disordered assemblies; however, the careful mea-
surement of their properties, including potential collective
properties,®”'? and analysis of potential applications''"'* has
been limited by the difficulty in fabricating thick superlattices
with controllable dimensions and placement. Controlled
drying of solutions of monodisperse nanoparticles has pro-
duced single- or several-layer superlattices with lateral di-
mensions up to the millimeter range.'>~'? Many micrometer-
dimension, 3D supercrystals of monodisperse nanoparticles
have been reported, formed by extended drying of nano-
particle solutions in beakers (and sometimes collected on
substrates).?°~ 22
We form large 3D supercrystals of nanoparticles by
controlling solvent evaporation in a lithographically defined
structure in which solution is entrained into capillary chan-
nels. A drop of a solution containing either CdSe or Fe,O5
nanoparticles dispersed in a high-boiling-point/low-boiling-
point two-solvent system'? is placed into a central reservoir
well and entrained into a series of long, narrow channels by
the capillary effect as the solvents evaporate; this motion into
the channels also concentrates the nanoparticles. Ordered
growth of supercrystals occurs during high boiling point (bp)
solvent evaporation assisted by vacuum pumping over
several hours. The presence of a high boiling point solvent
slows drying sufficiently to allow crystallization. The ability
to fabricate ~100 layer superlattices with ~1 um lateral
dimensions opens up opportunities for diverse optical,

The formation of varied types of ordered films of
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electronic, magnetic, and mechanical investigations of their
emergent collective properties and potential applications.

The synthesis of the colloidal crystalline CdSe and y-Fe,O5
nanoparticles is described in the Supporting Information.
Silicon (100) wafers were patterned using electron-beam
lithography (see Supporting Information) to form a large
reservoir (~500 um diameter) connected to several capillary
channels of the same depth (1—8 um wide, 10—100 um
long, 1—3 um deep) radially extending from the reservoir
perimeter (Figure 1a), all confined by a 15 um wide wall.
The wafers were stored in a drybox after fabrication and
used without further surface treatment.

Under ambient conditions, 5.5 nm CdSe or 8.0 nm Fe,05
nanoparticles (core diameters given), dispersed in a 3%
decanol in xylene solution (~10'> NPs/mL), were injected
to fill the reservoir. After ~20 min, the low boiling point
solvent xylene (bp 140 °C) evaporated and the wafer was
pumped for ~12 h in a vacuum chamber with base pressure
typically below 100 mTorr (for the channel configuration in
Figure 1a) to assist and control removal of the decanol (bp
230 °C).

Very thick nanoparticle films of ~100 layers were ob-
served in the 1200 nm deep and 3 um wide channels (Figure
2) and 1—3 layers were seen in the central reservoir, along
with multilayer lips about the reservoir periphery. Atomic
force microscopy (AFM) (DI Instrument) showed the 5.5 nm
CdSe nanoparticle films in Figure 2a were ~790 nm thick
and the 8.0 nm Fe,Os5 nanoparticle films in Figure 2b were
~950 nm thick.

The film in the channels was found to be a highly ordered,
multilayer, nanoparticle superlattice, by using scanning
electron microscopy (SEM) (Hitachi 4700). The high degree
of order in the top layer is seen across the entire film, as in
Figures 2 and 3. Figure 3b shows a terrace structure with
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FIGURE 1. (a) SEM micrograph of a typical reservoir/channel pattern,
consisting of a ~500 um central reservoir with several capillary
channels (typically 4—8) extending radially from the perimeter, with
the channel magnified in the inset (scale bar of 10 um). (b) SEM of
alternative geometry used for small-angle X-ray scattering measure-
ments which places large numbers of channels in parallel to improve
signal-to-noise, with an inset showing the region typically analyzed
by X-ray scattering (schematic, not drawn to scale).

ordered layers and apparent single nanoparticle high steps
every ~8 nanoparticles. The superlattices extend across the
width of the channel, often with long cracks running parallel
to the channel walls (Figures 2c and 2d) and sometimes as
contiguous domains of slightly different heights (Figure 2d),
leading to grains of highly ordered nanoparticles with lateral
dimensions typically ~1 um.

The channels contain a much thicker film of nanoparticles
than the reservoir, which suggests that many nanoparticles
were entrained into the channels from the reservoir and the
lip about it by the capillary effect; this occurs during evapo-
ration of the solvents in air and under vacuum. Such flow
continues as the drying proceeds because only an ~25 nm
thick film would form for a channel filled to the top with the
initial solution of nanoparticles after xylene evaporation.
Flow into the channels is self-limited to a fraction of the
channel height due to the lessening exposed wall, and this
avoids overfilling of the channels.

SEM of the top surface of the superlattice suggests
hexagonal packing of nanoparticles. Some defects and
dislocations are observed on the top surface, including point
defects (Figures 2b and 3), edge dislocations, and screw
dislocations (Figure 3a), which should affect “bulk” collective
optical, electronic, and magnetic properties little, but could
affect mechanical properties. Several samples had small
fractional areas with what appears to be hcp (110) planes
on the top surface (<5 %) (Figure 3c¢) or a herringbone type
reconstruction (<1 %).%>
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FIGURE 2. (a) SEM micrograph of the top surface of a thick nano-
particle superlattice, composed of 5.5 nm CdSe nanoparticles.
Hexagonal order of the top surface is evident. (b) SEM micrograph
of the top surface of a superlattice composed of 8.0 nm Fe,Os
maghemite nanoparticles. Hexagonal order is observed again, along
with a number of point defects. Lower magnification SEM micro-
graphs of the (c) CdSe and (d) Fe,O5 nanoparticle superlattices, show
fracture near the walls in the former and micrometer-dimension
regions in the latter.

Examination of the terraces on the Fe,Os nanoparticle
superlattice surface, across as many as 20 layers, suggests
hexagonal AB-stacking ordering with a (001) top surface.
Longer range order below the surface of the Fe,O5 nanopar-
ticle superlattices was also assessed by cleaving, in which
the channels were scribed across with a diamond wafer
scribe (Figure 4a). A very high degree of order through the
film thickness is seen to within 1—2 layers of the bottom of
the nanoparticle film (where disorder was due either to film
growth or the cleaving procedure).

The superlattices of Fe,O5 nanoparticles were character-
ized by small-angle X-ray scattering (SAXS) in reflection
mode using 14.5 keV photons (X9 beamline at the National
Synchrotron Light Source) (Figure 4b). To obtain an adequate
signal-to-noise ratio, samples with many (~160) parallel
channels (Figure 1b) filled with supercrystals were probed
by the ~0.2 mm x 0.3 mm beam. The thick superlattice is
highly ordered, and has hexagonal AB-stacking structure
(space group P6s/mmc) witha=>b=9.7 £ 0.1 nmand ¢ =
14.0 £ 0.1 nm lattice constants (which is consistent with
the SEMs). This is similar to hcp but with uniaxial lattice
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FIGURE 3. SEM micrographs of top surfaces of 8.0 nm Fe,Os
nanoparticle superlattices. (a) Showing a screw dislocation as well
as several point defects. (b) Showing a terraced structure. Each step
corresponds to one layer of nanoparticles. Order is maintained
through several visible layers. (c) Showing a section exposing what
appears to be a hexagonal AB-stacking (110) facet.

compression (11 %) in the c-axis; the deviation from hcp may
be due to volume loss during solvent evaporation. In addition
to rings expected from a sample of randomly oriented
crystal grains, peaks were observed indicating preferential
alignment of the supercrystals with their (001) planes paral-
lel to the substrate. Transmission scattering confirmed the
high degree of transverse hexagonal ordering (Figure St,
Supporting Information). Though the hcp structure is ener-
getically less favored than fcc for hard sphere packing,®* hcp-
type AB stacking has been observed in other studies of
nanoparticle superlattice formation, likely because of inter-
actions between the nanoparticle cores, including dipole—
dipole interactions.?>*° Uniaxial compression has also been
observed in binary nanoparticle superlattices.?”

Control of the design of the channels, drying rate, and
nanoparticle concentration in the solution provides an op-
portunity to control fluid flow into the capillary channels and
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the growth Kinetics that determine the degree of order. For
Fe,O5 nanoparticle structures, increasing the channel width
beyond ~4 um led to very small polycrystalline grains, while
increasing it beyond ~8 um led to little fluid entrainment
into the channels. Slowing the rate of decanol evaporation
by increasing the pressure in the chamber improved the
degree of order, for the channel configuration in Figure 1b,
from amorphous assembly (Figure 5a) at lower pressures
(~100 mTorr) to ordered assembly (Figure 5b) at higher
pressures (~25 Torr). Increasing the nanoparticle concentra-
tion in the solution changed the film structure, for the
channel configuration in Figure 1a, from one with no long-
range order [disordered (amorphous) or locally ordered
(polycrystalline) regions] (Figure 5¢) for ~10' NPs/mL (in
the 3% deconal/xylene solution), to one with a very high
degree of hexagonal AB-stacking order for ~10'> NPs/mL
(Figures 2b, 3, 4a), and then to one with columnar structures
of locally hexagonal AB-stacking ordered regions (Figure 5d)
for ~10'® NPs/mL. Films formed using ~10'* Fe,O5 NPs/mL
(Figure 5¢) were almost as thick (790 nm), though less
densely packed, as those formed with ~10'> NPs/mL (and
the lip of nanoparticles was significantly narrower), which
is further evidence for self-limiting flow during drying.

In Figure 2¢ (and Supporting Information Figure S2), long
cracks can be seen between the walls of the lithographically
defined capillary channel and the supercrystal. These cracks
run along the length of the channel, and are believed to have
been caused by volume contraction of the supercrystal
during solvent evaporation. They are observed to always run
parallel to the wall of the confining channel, closely copying
the local morphology of the wall, independent of the local
superlattice crystal plane. This suggests that the energy
required to cleave the supercrystal is higher than the energy
of adhesion between the supercrystal and the channel wall.
The channel geometry determines the shape and position
of the supercrystal by confining the solvent and nanopar-
ticles during drying, but the final size of the supercrystal is
smaller than the channel and is determined by the volume
contraction during the final stage of solvent evaporation.

In previous studies, the formation of superlattices of
colloidal nanoparticles has been found to be sensitive to
many parameters,'”'*'® including temperature, pressure,
addition of extra polar molecules/ligands, nanoparticle con-
centration, etc. This has resulted in poor repeatability and
has made control of formation difficult, due to the complex-
ity and sensitivity of superlattice formation to the local
environment. Our versatile microfluidics technique provides
the direct control of the immediate environment necessary
to probe the superlattice formation mechanism and improve
repeatability; it localizes superlattice formation in a litho-
graphically defined structure whose design parameters de-
termine nanoparticle concentration as well as solvent flow
and evaporation conditions. In addition, the two-solvent
system partially separates the nanoparticle concentration
step from the crystallization step, permitting some control
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FIGURE 4. (a) SEM micrograph of a cross-sectional view of 8.0 nm Fe,O3 nanoparticle superlattice, showing a high degree of nanoparticle
ordering through the thickness of the film. The top of the film has been damaged or flaked during cross-sectioning. (b) SAXS data with crystal
planes corresponding to hexagonal AB-stacking structure with a = b = 9.7 nm and ¢ = 14.0 nm lattice constants overlaid. The presence of
rings indicates long-range order, while the presence of spots shows preferential orientation of individual crystal grains (in this case, ordering
so that the (001) planes are parallel to the substrate).

100'nm

FIGURE 5. SEM micrographs of top surface of thick 8.0 nm Fe,05 superlattices formed under different conditions. (a) Lower base pressure
during drying (100 mTorr), 10'® NPs/mL, which leads to polycrystalline/amorphous order, (b) higher base pressure during drying (25 Torr air),
10'® NPs/mL, which leads to large supercrystal grains, (c) initial nanoparticle concentration, ~10'* NPs/mL (much lower than the ~10'> NPs/
mL standard in Figures 2b,d, 3, and 4), which leads to polycrystalline order, (d) initial nanoparticle concentration, ~10'® NPs/mL (much
higher than the ~10'® NPs/mL standard), which leads to columnar grains that are highly ordered.

over both. In Figure 5, we demonstrate our ability to adjust (CHE-0641523), and by the New York State Office of Sci-
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