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ABSTRACT

Template-induced colloidal deposition during solvent evaporation is a promising technique for extending the possibilities of nanosphere
lithography and the creation of photonic band gap materials. We investigated the influence of the parameters that determine the surface
topography of templates on colloidal crystal structure. On pillar-shaped templates, large defect-free square symmetric monolayers, ordered
vacancy arrays, and body-centered cubic (bcc) and simple cubic (sc) colloidal crystals could be grown. Close-packed crystals displayed
defects and large defect grains. Our results indicate that this may be avoided when the direction of gravity with respect to the substrate is
changed.

The ability of colloids to self-assemble into 2D and 3D
crystalline structures lies at the heart of many studies in nano-
and micrometer-scale materials science.1 Especially in the
field of photonic band gap materials, colloidal crystals are
being routinely used.2 Furthermore, 2D and thin 3D colloidal
crystals can be used as a mask for creating regular arrays of
nanometer-sized features with a technique called nanosphere
lithography.3-5 One of the simplest and most frequently used
techniques for assembling 2D and 3D colloidal crystals is
colloidal crystallization during solvent evaporation.6-9

Apart from its simplicity and low cost, the main advan-
tages of the technique are (i) the possibility to grow
millimeter-sized single crystals with a hexagonal (111)
orientation of the top surface and (ii) the possibility to control
the thickness of the deposited crystal by varying the initial
particle volume fraction.7 A major limitation is that the
crystal symmetry and 3D orientation of the crystal cannot
be influenced. The use of a patterned substrate, or template,
provides the possibility to direct colloidal crystallization

epitaxially.10 Recent experiments on colloidal epitaxy under
equilibrium conditions have shown the growth of crystal
structures that are metastable in bulk crystallization and thus
would not grow without the use of the template.11,12Several
papers have reported results on template-induced colloidal
assembly during solvent evaporation, but the systems con-
sisted of (repeated13) 2D deposits of micrometer-scale
particles14 or showed the frequent occurrence of defects and
a lack of long-range order.15

In this letter, we demonstrate the templated growth of 100-
nm-radius particles in colloidal crystals with close-packed
and non-close-packed symmetry. The crystals were grown
by convective assembly on a substrate placed in a vertical
setup (i.e., parallel to gravity). We will address the influence
of various parameters that determine the template topography
on 2D and 3D colloidal crystal structure. Our results indicate
that the direction of the gravitational field plays a crucial
role in template-directed convective assembly.

Silica particles with diameters ofd ) 202 and 220 nm
(polydispersityσ ≈ 0.005) were deposited onto a substrate
that was vertically placed in a slowly evaporating dispersion
in ethanol, as described by Jiang et al.7 Particles with a
diameter of 870 nm (σ ≈ 0.035) were deposited following
the same procedure in an oven at a temperature ofT ) 65.5
( 0.5°C.9,14,16We used several different substrate materials
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including silicon, glass, and polyurethane (Norland OA 71
and 73) -coated glass. Results were always best using silicon
substrates. Therefore, the results presented below concern
silicon substrates unless stated otherwise.

The silicon substrates were partially patterned using a
combination of electron-beam lithography and reactive ion
etching. The details of these procedures have been described
elsewhere.17 Patterns with a square-symmetric face-centered-
cubic (100) (fcc(100)) arrangement of holes were made with
lattice spacings ofa ) 175, 200, 205, and 225 nm for the
smaller sphere sizes anda ) 850 and 900 nm for the larger
spheres. Patterns with a fcc(110) arrangement were made
with lattice spacings of 205, 210, and 215 nm. The spacing
was found to be reproduced to(5 nm as measured with
scanning electron microscopy (SEM). The depth of the
pattern was initially set ata/2 but was later varied as will be
described below. Patterns always consisted of at least 500
× 500 unit cells.

Figure 1 shows the result of the deposition of 870-nm-
diameter particles from a 0.3% volume fraction suspension.
The deposited crystal displayed clear monolayer steps upon
visual inspection. All areas with a coverage of more than a
single layer showed a hexagonal arrangement of particles in
the top layer, both on the templated and the flat areas. Only
for submonolayer coverage did the particles follow the
template pattern, as shown in the left part of Figure 1. As
can be seen in Figure 1, the single-layer symmetry recon-
structs to hexagonal when particle coverage approaches a
complete single layer. Note that the orientation of the
hexagonal layer on the template differs from that on the
untemplated silicon (right-hand side of the black arrow in

Figure 1) because of the presence of the template. Further-
more, the presence of the template leads to an increase in
defects and dislocations in the reconstructed hexagonal layer
compared to the number in the monolayer deposited on the
flat silicon area.

The reason for the occurrence of the hexagonal surface
reconstruction might be twofold. First, it could result from
a mismatch between the template lattice spacing and colloidal
dimensions. Instead of forming a defective crystal structure,
as observed in equilibrium colloidal epitaxy experiments, the
presence of a convective flow field and strong capillary
interactions between the particles might favor the possibly
less defective reconstructed structure. Second, the reconstruc-
tion could be an intrinsic effect of the growth process during
solvent evaporation. In that case, the compacting flow field
and possibly the capillary interactions in the last stage of
the drying process favor the close-packed structure with the
surface-area-minimized hexagonal top surface.

We investigated the influence of template parameters
further using the smaller particles and lattice constants
described above, reducing the mismatch to within the
experimental accuracy of determining particle sizes and
template spacing. The thickness of the deposited colloidal
film was tuned by a variation of the volume fraction.7

Furthermore, the degree of support for a layer with a
symmetry and/or spacing other than that of the template (such
as a hexagonal layer) was varied by a variation of the hole
radius (R). We observed the ordering of a square-symmetric
colloidal monolayer only on pillar-shaped templates (i.e., 2R
g a), as in Figure 2a. For all templates and for both particle
sizes, we always observed a hexagonal reconstruction if 2R
< a.

For multilayer deposits on the pillar-shaped template,
defects occur in the top layer starting with a two-layer deposit
shown in Figure 2b. For deposits of more than two layers,
crystalline regions with a fcc(100)-oriented top layer could

Figure 1. SEM image of 870-nm-diameter silica colloids arranged
on a square-symmetric (fcc(100)) all-silicon template (depth≈ 350
nm) after vertical controlled drying. The white arrow indicates the
receding direction of the liquid-air interface during evaporation.
The black arrow denotes the edge of the templated area. The scale
bar denotes 10µm.

Figure 2. SEM images of colloidal particles arranged on a square-
symmetric pillar-shaped silicon template. The thickness of the
crystal is (a) one layer, (b) two layers, (c) three layers, and (d)
four layers. The template is visible in part a as bright spots between
the particles. Arrows in part b mark small defects resulting from
in-plane close packing. Arrows in part d indicate two large
hexagonally close-packed defect grains. The inset in part a shows
an incomplete top layer on a template with a depth of∼300 nm.
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be found (Figure 2c), but the overall crystal symmetry on
the templated area was broken by large, reconstructed (111)-
oriented crystal grains (Figure 2d). In general, the crystal
grains with a (111) top surface were found to be larger with
increasing crystal thickness, but we did not observe any
systematic dependence. In fact, for deposits thicker than four
layers, complete coverage of the templated area with a crystal
with a hexagonal top layer was found to occur more often
than a polycrystalline “broken” structure. We did not observe
any epitaxial effect when depositing particles on templates
with fcc(110) symmetry with lattice spacings of 205, 210,
and 215 nm for 3- to 5-layer deposits.

These results were not found to depend on the depth of
the pattern. Interestingly, we observed the ordering of a
submonolayer of particles (as in the top left of Figure 1) on
the template positions on a template with a depth as small
as d/10. Furthermore, an increase in the depth in the
fcc(100) template consisting of pillars provides a means to
grow a simple cubic (SC) crystal (inset of Figure 2a). When
the depth exceeds 3d/2, the particles are ordered on top of
each other between the pillars. The use of polystyrene
particles and the removal of the template by etching with
HF (or vice versa, the use of a polymeric template with silica
particles in combination with the pyrolysis of the polymer)
results in a crystal with a volume fraction as low as 0.52.
Colloidal crystals with a volume fraction below close packing
have so far been made only using a layer-by-layer procedure
with a binary system.13

On the fcc(100) pillar template with a pitch comparable
to the particle diameter, colloids arrange in an in-plane non-
close-packed structure. In a single layer, every particle is
surrounded by four vacancies (Figure 3). Clearly, this in-
plane structure provides a unique template for further growth,
which gives the possibility for 3D non-close-packed crystal
growth. The resulting 3D structure is that of a body-centered
cubic (bcc) crystal, with a volume fraction of 0.68. Interest-
ingly, we also observed symmetrical arrangements of vacan-
cies over distances as large as four particle diameters (along
the template axes), as shown in the right inset in Figure 3.
This again indicates the importance of surface area minimi-
zation during evaporative self-assembly.13

Finally, we want to suggest a procedure to avoid the
defective hexagonal arrangement of particles in template-
induced convective self-assembly described above. To have
gravity act as an additional force directed toward the
template, the template was tilted so that the angle between
the surface normal and gravity was 2-10°. In this way, two
layers with fcc(110) symmetry were grown on a polyurethane
template, as shown in Figure 4. In principle, conditions can
be chosen such that particles completely sediment before
drying, thus crystallizing on the template under equilibrium
conditions. In this respect, it is interesting that we have
observed similar strain effects in crystals grown in a tilted
horizontal setup on a mismatched template as in equilibrium
colloidal epitaxy.11 Recently, Yin and co-workers have
furthermore demonstrated the growth of fcc(100)-oriented
colloidal crystals using an alternative templating procedure.18

In their setup,19,20the patterned substrate is similarly oriented
with respect to gravity as in our tilted horizontal setup.

In conclusion, we have presented results on template-
induced colloidal crystallization during solvent evaporation
with the templated substrate placed parallel to gravity. On a
template consisting of pillars arranged in a square symmetry,
a large, defect-free, square-symmetric close-packed 2D
crystal was grown. At submonolayer coverage, we observed
colloidal arrays with an ordered distribution of vacancies.
Furthermore, 3D non-close-packed simple cubic and body-
centered cubic crystals could be grown. However, when
growing large close-packed crystals in any orientation other
than with hexagonal close-packed planes parallel to the
substrate, defects and large, hexagonally arranged crystal
grains occurred. Close-packed crystals could be oriented
when the template was placed with the surface normal at an
angle of 2 to 10° with respect to gravity. These results
indicate that gravity might play a crucial role in the
convective self-assembly process.
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Figure 3. SEM image of a two-layer BCC structure on a template
with a pitcha ) 200 nm, particle diameterd ) 202 nm, and volume
fractionæ ) 4 × 10-4. The left inset shows an enlargement of the
BCC structure; the right inset shows the ordering of vacancies in
a monolayer deposited at lower particle concentration.

Figure 4. Confocal microscopy image of the first layer of
fluorescent core-shell silica particles (d ) 1.4 µm) arranged on a
fcc(110) template in a tilted-horizontal setup. Particles in the second
layer are vaguely visible as well. The scale bar indicates 10µm.
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