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beam epitaxy careful control over reagent flow and temperature 
make it possible to achieve layer-by-layer growth of oriented crystal 
structures that can even be slightly out of equilibrium15. We have 
extended these ideas of template-directed crystallization to colloids, 
which are the ideal building blocks for photonic applications owing 
to their submicrometre sizes, self-organization and the possibility of 
chemically tailoring their properties. As a template we used a 500. 
nm-thick fluorescent polymer layer, with holes made with electron 
beam lithography (Fig. 1A). This thickness is close to the particle 
radius (525 nm) of the fluorescent silica spheres (fluorescent core: 
200nm). The interparticle forces are made hard-sphere-like by 
matching the refractive index of the solvent mixture to that of the 
spheres, minimizing van der Waals forces, and by increasing the 
ionic strength to such values that double-layer repulsion occurs over 
distances much smaller that the particle radius. Controlled layer-by- 
layer growth was achieved by slow sedimentation of the spheres 
onto the substrate from a volume fraction of particles well below the 
50% volume fraction of homogeneous crystallization of hard- 
spheres’-“‘. 

Experimentally, hard-sphere-like colloidal dispersions are known 
to crystallize with a random stacking of close packed planes7m1”,‘6. 
‘Theoretically, it is not clear what the thermodynamic equilibrium 
phase is; also, computer simulations have not been able to deter- 
mine whether face-centred cubic (f.c.c., with stacking order ABC), 
hexagonal close packed (h.c.p., stacking ABA) or random stacking is 
favoured”. It is known, however, that thermodynamically these 
structures have almost the same free energy. As suggested by 
others’“, we found in this work that crystals that form through 

,“. .., 

Template-directed colloidal 
crystallization 

sedimentation have a random stacking with the close-packed planes 
perpendicular to gravity. Strictly speaking, a random stacked 
structure of close-packed planes is not a crystal, because of the 
randomness in one crystallographic direction. However, when a 
colloidal crystal was grown normal to a pattern of holes commen- 
surate with the (100) plane of a f.c.c. crystal (Fig. 1A inset), a pure 
f.c.c. crystal was formed (Fig. lB, C). By use of light scattering, we 
found that the f.c.c. crystal extended as far as the sedimented layer is 
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thick (several millimetres). Also, the single crystals grew as large as 
the size of the pattern. 
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atoms, but have a different orientation of their (otherwise similar) 
Colloidal crystals are three-dimensional periodic structures lattices). A sphere dropping into a hole 500 nm deep loses 0.6 kT in 
formed from small particles suspended in solution. They have gravitational energy, where k is Boltzmann’s constant and T the 
important technological uses as optical filterP, switches4 and absolute temperature. Apparently, the small increased likelihood of 
materials with photonic band gapP, and they also provide a square symmetry as induced by the pattern shown in Fig. I is 
convenient model systems for fundamental studies of crystal- enough to start of the crystal growth with the (100) plane instead of 
lization and meltin$“‘. Unfortunately, applications of colloidal the (111) hexagonal plane which is the densest crystal plane. For the 
crystals are greatly restricted by practical difficulties encountered growth of the crystal, the balance between diffusion and sedimenta- 
in synthesizing large single crystals with adjustable crystal tion is important. This balance is described by the Peclet number 
orientation”. Here we show that the slow sedimentation of Pe = m,%gR/kT, where IQ is the buoyant mass of a particle with 
colloidal particles onto a patterned substrate (or template) can radius R and g is the gravitational acceleration. Pe is defined as the 
direct the crystallization of bulk colloidal crystals, and so permit ratio ofthe time it takes a particle to diffuse over a distance Rand the 
tailoring of the lattice structure, orientation and size of the time it takes to settle over the same distance; in this work Pe = 1. For 
resulting crystals: we refer to this process as ‘colloidal epitaxy’. the crystal layers close to the template, the situation is very different 
We also show that, by using silica spheres synthesized with a at the end of the growth. Here the weight of several thousand layers 
fluorescent core12S13, the defect structures in the colloidal crystals exerts such a pressure that osmotic pressure can only balance this at 
that result from an intentional lattice mismatch of the template a crystal volume fraction experimentally indistinguishable from 
can be studied by confocal microscopy’4. We suggest that colloidal close packing, 0.74. 
epitaxy will open new ways to design and fabricate materials The growth of macroscopic f.c.c. single crystals on the (110) 
based on colloidal crystals and also allow quantitative studies of plane, which is even less dense than the (100) plane and also has no 
heterogeneous crystallization in real space. twinning directions, was also possible. These results make it likely 

Epitaxial growth of a thin crystalline layer onto a template that the growth of pure hexagonal close-packed (h.c.p.) crystals on a 
consisting of an oriented single crystal is an important process in non-dense h.c.p. plane that has no associated twinning direction 
the development of electronic devices. For instance, in molecular will be feasible as well. 
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Figure 1 Face-centred cubic (f.c.c.) hard-sphere-like colloidal crystals grown 

on a (100) f.c.c. template creaied In a polymer layer. A, Schematic diagram 

of the colloidal eprtaxy procedure (bottom) and two confocal micrographs 

(top) showing the fluorescently labelled polymer template with (left) and 

wlthout (rrght) a first layer of spheres. B, Cut-out of a three-drmensronal 

stack of confocal sections (256 x 256 x lZOvoxes, three-dimensional prcture 

elements, 16.5bm x 16.5km x 10.5r~~) on top of the polymer template. C, 

computer-generated picture of the experimental data set shown in B and wrth 

the sphere positions obtained as descrrbed in ref.14. Methods:The silica spheres 

were dispersed rn a refractive-index-matched mixture of water and glycerol 

(16wt% glycerol) with 0.01 rvl LiCl and had startrng volume fractions of 1% and 

5%; no differences were found in this range of concentration. (The total radrus of 

the silica spheres was 525 nm, of which the fluorescent core comprised 200 nm.) 

The dyed (pyrromethene 580, 10~3v~%) polymer (polymethylmechacrylate, 

PMMA was spin-coated (500.nm thick) on a cover slip (no. 1; 170 km thrck) on 

which a thin layer of gold (5 nm) was sputtered. The pattern of holes (400 x 400) 

was created with electron beam lithography. The fluorescence confocal -nrcro- 

graphs were made with a Multrprobe 2001 (Molecular Dynamics) confocal 

apparatus; see ref. 14 for further detarls. The distance of closest approach of 

the spheres was 1,105nm in a glass and 1,llOnm In a crystal after full sedi- 

mentation. These values are close to the cistances reported in 0.1 M 

dimethylformamrde’” and show that the colloidal crystals are almost completely 

compressed as explarned in the text.) 

In Fig. 2 and Table 1 we show the defect structures that result from (in one direction 14.6%) CdTe grows with (111) planes on the (100) 
a mismatch of the (100) f.c.c. lattice parameter a (expressed in template”. Of course, the interaction potential in this system is not 
particle diameters). At small mismatches (1.1 < a < 1.2), the first hard-sphere-like, but the structural resemblances are striking. With 
few layers start out with a perfect square symmetry, but in sub- still larger mismatch even the first layers is (defect-rich) hexagonal 
sequent layers the symmetry changes into hexagonall? packed and and the layers above stack again randomly, similar to Fig. 2D. For 
randomly stacked layers through the gradual introduction of defects a = G2 the square lattice is, after rotation of 45”, commensurate 
similar to Fig. 2A and B. At larger mismatch (a = 1.2) the template with the original (100) plane with d = 1. The missing holes (Fig. 2E) 
imposes a square symmetry in the first layer only in certain bands in the first layer do not prevent the growth of a full f.c.c. crystal on 
(Fig. 2C). Again, several layers higher, random stacked (111) planes the template. Around this lattice mismatch, the defect structures are 
are found everywhere. A similar structure is found for heteroepi- similar to those found close to a = 1 (Table 1). It is interesting to 
taxial growth of CdTe on GaAs( 100). Because of a large mismatch note that at no lattice spacing was a body-centred (b.c.c.) crystal, 

Table 1 Crystal structure formed on f.c.c. (100) plane as function of lattice spacing a 

9 -i.O 1.1-1.2 -12 1.2-1.3 -1.3 1.3-1.4 -\2 1.4-1.5 -1.5 1.5-2.0 

Symmetry 
of firs layer 

Symmetry 
of tenth layer 

(Fig.yB, C) 
0 O/D D Ob 0 O/D 

(Fig 2C) (FigO2A) (F,g02E, (Frg:2D, 

(Fig ?S, C) 
D D D D 

(FigD2B) 
0 D D D 

Heretheladicespac,nga ~sg~veninmultiplesofthepart~clediameter Thesymboisrepresentthesymmet~ofthecrystallinelayer:square(O), hexaongal(D),45”rotatecsquare.seetext(O). 
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Figure 2 Local crystal plane symmetry of crystals grown on f.c.c. (100) planes with 

different lattice spacing a (grven in multiples of the partrcle diameter). A, Part of 

optical sectlon showing (100) symmetry of the tirst and the (first Gsible) second 

‘ayer of spheres on a template with a = 1.35. B, As A, but ten layers above the 

-emplate shswing defect-rich hexagonal (111) symmetry. C. First layer above the 

template witha = 1.3 showrng bands of (111) symmetry (left) and (100) symmetry 

(right). D, Frrst layer of spheres wrth a = 1.6 showing a defect-rich hexagonal 

symmetry. E, Frrst and second layers on a template with a close to ,2 showing 

(100) symmetry, but rotated 45” compared to the crystal shown in Fig.1. Scale bar, 

5krn. the ‘rainbow’ false-colour table allows for easy visualization of which 

panicle belongs rn which layer and also makes it possible to recognize the 

template. 

which has a (100) crystal plane with the same symmetry, formed. 
Probably, the difference in free energy of the less-dense b.c.c. crystal 
is too far off to be induced by the template. 

Figure 3 gives another example of the manipulative possibilities 
of colloidal epitaxy. A simple change in the spacing between two 
adjacent (100) f.c.c. planes determines whether the (100) plane 
continues over the unpatterned region or whether a stack of (111) 
planes will form between the two f.c.c. crystals. Structures like these 
are important for the creation of optical wave guides. 

Here we have shown that with colloidal epitaxy it is possible to 
create large hard-sphere f.c.c. single crystals oriented along crystal 
directions without twinning. It has also been shown that tailored 
crystals with different crystal orientations can be grown next to each 
other. Hard-sphere-like crystals are important for applications, 

Figure 3 Confocal micrographs of the first layer of spheres on the (100) f.c.c. 

template lliith a close to ,2 but Mh drfferent distances between two templated 

regions (left right), A, 11 sphere diameters: a hexagonal symmetry appears 

between the (100) faces. B, 7 sphere drameters: the square symmetry contrnues 

over the unpatterned polymer layer. Scale bar, 5 km. 

because after slow drying these crystals can be turned into con- 
nected dielectric structures. In the case of particles with a silica 
coating this can be achieved through a mild sintering around 100 “C 
which forms chemical siloxane bonds between the particles. Sub- 
sequently, the solvent can be changed without changing the dielec- 
tric structure. 

Moreover, particles that interact with a hard-sphere-like potential 
provide the simplest model system with which to study quantita- 
tively the defects that form after mismatching of the template lattice. 
Such mismatches can almost never be avoided in atomic hetero- 
epitaxy. There is no reason, however, why our technique could not 
be extended to charged spheres as well. In this case ionizable groups 
would have to be present on the template. Larger templates could be 
more easily created with other methods like photolithography or, as 
recently has been demonstrated with feature sizes of 25 nm thick- 
ness, with imprint lithography”. Further work is necessary to 
determine the influence of the sedimentation rate and volume- 
fraction on the epitaxial structures; preliminary experiments have 
already given indications of an interesting growth mechanism. For 
photonic bandgap materials it would be advantageous if the method 
could be extended to binary crystals as well. The use of a template 
could help systematic study of heterogeneous crystallization by 
observing the effects of the template under conditions at, or close 
to, homogeneous crystallization. 0 
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