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We demonstrate that square two-dimensional grating templates can drive the growth of
three-dimensional, face-centered-culfizc) colloidal crystals by convective assembly. The square
symmetry[i.e., (100) planes parallel to the substratef the underlying template was transferred to

the colloidal crystal and maintained throughout its growth-&0 layers. We characterized crystals
grown on flat and on templated substrates using electron microscopy and small-angle x-ray
scattering SAXS). SAXS measurements of the templated samples clearly show fourfold diffraction
patterns that arise from fcc domains without stacking faults2@2 American Institute of Physics.
[DOI: 10.1063/1.1516614

It is difficult, but desirable, to create patterned nano- andcconvective assembly. The square symmefire., (100
microscale materials ordered in three dimensions. Such malanes parallel to the substratef the template was trans-
terials can have novel optical propertiespotentially lead-  ferred to the colloidal crystal and maintained throughout its
ing to new classes of optical filters, switches and photonigrowth. Crystals with thickness of 50 layers were grown.
materials’~> Alternatively, precision mesoporous materials Using scanning electron microscof§EM) and small-angle
have a wide range of potential chemical applications, forx-ray scattering (SAXS) we characterize the square-
example, as catalytic suppdtisnd separation medi& One symmetric structures and compare their yield on templates
important route for creation of three-dimensional patternedyith different material compositions. SEM measurements are
materials is through self-assembly. Under the right condiuseful to observe isolated crystallites, and SAXS provides
tions, a variety of colloidal particle species can assemblenore complete information about bulk samples. We also de-
spontaneously into ordered phases. Such crystals can forggribe in situ microscopic observations of the growth pro-
spontaneously in thermal equilibriutn*! or via nonequilib-  cess. Our work shows that the natural tendency for convec-
rium schemes facilitated by gravity,electrohydrodynamic tive assembly to form close-packed planes can be overcome
forces!®'* chemical forces>!® injection forces)’ or in two and three dimensions.
convectior:®~% Our convective assembly procedures largely follow pre-

Convective assembly is arguably one of the simplestious work?®?! We immersed substratéwith and without
methods for the creation of ordered particle structures. It hagemplate vertically in a glass vial containing an aqueous
been used with success to make two-dimensf@nahd  suspension of polystyrene spheres. The particle volume frac-
three-dimensional monodispefSeand binary® colloidal  tion of the suspension was0.01. The samples were placed
structures, and even to make heterostructtités.the con-  in an oven (55°C), and the solvent was slowly evaporated
vective assembly scheme, a colloidal crystal is formecbver a period of~80 h. On the flat substrates we used par-
through the evaporation of suspension solvent. The evaporgcles with diameters ranging from 250 to 750 nm. Most of
tion process causes suspended particles to flow through thge work on the templates, however, use800 nm particles
liquid to the drying edge, where they assemble. Assembly ish order to match the template periodicity. After evaporation,
controlled by several factors that are not as yet fully underwe observed iridescent colloidal crystals on the substrate.
stood: surface tension tends to pull the particles together to oy templates were fabricated by imprint technigffes.
form close packed two-dimensional structures, and crystalliywe used a commercial diffraction grating as our starting
zation is facilitated via nucleation onto these two-mgld, and obtained a polyethylene replica of the original by
dimensional structures. The resulting crystals are C|°S%ressing the diffraction grating into a polyethylene sheet held
packed with triangulaf111) planes parallel to the substrate. 5t 9o °C: in order to make two-dimensional square patterns
Since energy barriers to the formation of stacking faults argne grating was imprinted twice with the grooves oriented in
very small, the resulting structures are generally not tr”%rthogonal directions. We made two types of template, one
face centered cubi¢fcc). Ultimately these stacking faults pased on polydimethylsiloxanéDMS) and one based on
will have a negative impact on, for example, the photonicNgrjand Optical adhesive coated with a Au/Pd film. In the
properties of the nanoscale material. . . case of the Norland Optical glue, we placed the polyethylene

In this letter we use square two-dimensional grating teMyating replica face down on a glass coverslip, and applied a
plates to grow three-dimensional fcc colloidal crystals bydrop of Norland Optical Adhesive 6BNOAG3) to the glass
coverslip. The optical glue droplet was pulled between the
3Electronic mail: yodh@physics.upenn.edu coverslip and the replica by capillary forces. The glue was
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) ) ) FIG. 3. Diffraction pattern from convective assembled crystalsHexago-
FIG. 1. SEM picture of a portion of our template. The groove spacing wasnal domaingwithout a templateand (b) square domainéwith a templatg
550 nm, groove depth was 100-200 nm, and lateral dimensions werg (b), the superimposed grid facilitates recognition of the square symmetry.
6 mmx 18 mm.

then cured by UV illumination for 1 min. The result was a ture as can be readily observed on the top layer of the crystal.

NOAG63 based template that could be peeled away from thgOr comparison, in Fig. () we show a control sample

polyethylene replica. We coated the surface of the NoagHrown under exactly the same cpnditions star_ting from a flat
template with a thin layef10—20 nm of Au/Pd, because the substrate. Hexagonal symmetry is clearly exhibited; the pres-

adhesive was hydrophobic. For the PDMS films, we fol-EMC€ OF absence of random stacking faults could not be de-

lowed the same procedure, this time using a drop of PDMéjuced from these measurements.

precursor fluid(i.e., Sylgard 184 silicone elastomer/curing CATThe iA),(ASd meascl;rg?ents Sused be’?"’;‘"“e ?Wg
agent. We cured the PDMS by oven heating (55°C) for CAT) at the Advanced Photon Source with a selected x-ray

~36 h. The PDMS could be readily peeled from the replica®"€"9Y of 9.0 keV. The beam was collimated using vertical

template, and oxidized to make it more hydrophilic. Ulti- and horizontal mirrors and-Y slits, and the diffracted sig-

mately we found the Au/Pd coated NOA63 yielded far supe_nals were measured using a Bruker charge coupled device

rior templated crystals, at least in part due to the improvedCCD) detector with a 5.22m camera length. The beam size

wetting of the aqueous suspension onto its surface. An imagi@S approximately 20pm". Figure 3a) shows a typical

of the final Au/PdINOAG3 adhesivetemplate is in Fig. 1. diffraction pattern from~500 nm diameter colloidal spheres
In the two-dimensional convective assembly process gonvectively deposited on a flat glass substrate. The sixfold

layer of particles is formed as the solvent evaporates. WhefYMMmetry is clearly seen, indicating the diffraction arises

the fluid thickness is comparable to the particle diameter‘:rom three- or sixfold planes. This observation implies that

capillary forces pull the particles into contact with one an-triangular close-packed sheets of sph_eres must be parallel to
other. On a flat surface, planar close-packed triangular crydhe substrate; such sheets are found in fcc, hexagonal-close-
tals form (structures with the highest packing densitjhus packed, _and r_andc_)m-close-packed lattices. _Interestlngly,_ the
far, templating has been used in convective assembly to pr¢@Me orientation is observed over the entire sample; it is
duce ordered two-dimensionaingle layef® or bilayer?29 correlated Wlth_ the growth front, sugggstmg_ that the growth
structures, which deviate from close packing. Square temPTOCeSS also induces a preferred orientation. Because _the
plates have also been used in equilibrithsedimentatiod? ~ Sample could be rotated tens of degrees relative to the in-
and injectioR® assembly experiments to nucleate three-cOMing beam with only slight distortion of the pattern, the
dimensional fcc colloidal structures. Our two-dimensionalPright features in the pattern are actually cross sections of
square templatésee Fig. 1introduces geometric barriers for Bragg rods, which in turn indicate a high density of stacking
convective assembly at the surface which favor the squarkults. Similar features were seen over a wide range of par-
lattice over the hexagonal one; our hypothesis was that thificle sizes, although in general a higher degree of orientation
ordered two-dimensional structure would bias the system an@as observed for smaller particl¢850—400 nm than for
induce a three-dimensional stacking-fault-free fcc crystal andarger particleg450-750 nm
form via convective assembly. This was observed. In Fig. 3(b) we exhibit the diffraction pattern from 550

In Fig. 2@) we show a SEM picture of £100-oriented "M colloidal spheres convectively assembled on the tem-
fce colloidal crystal achieved with the Au/Pd template. ThispPlated(Au/Pd) glass substrate. Several types of patterns were
crystal is about 50 layers thick, and has a domain size ofeen: Bragg rings corresponding to a powder of unoriented
about 50um?. Square symmetry has been transferred fromflomains, sixfold patterns such as those in Fig) &ut with

the two-dimensional template to the three-dimensional strugPoorer orientational ordgrand fourfold patterns. The four-
fold patterns always had some admixture of hexagonal sym-

metry. The fourfold patterns are indicative of the underlying
square structures. By scanning the x-ray beam over the sur-
face we found the diffraction pattern changed when the beam
was displaced a distance comparable to its size, indicating
that typical domain sizes were less than 200%. We also
estimate that 10%—-40% of the sample has square symmetry.
The rest is disordered or hexagonal. This observation is in
agreement with rough estimates from SEM, where we found
FIG. 2. SEM pictures of the crystal convective assemlgg@dvith a tem- 30%-50% Squ_are-symmemc crystals. . .

plate and(b) without a template. The particle diameter wa§00 nm, and In order to improve on the present scheme it is desirable

the template period was 550 nm. to understand the underlying growth mechanisms. While we
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