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Abstract A convective self-assembly of mono-sized

polystyrene spheres with diameters ranging from 262 to

1000 nm was conducted on patterned silicon wafers with

one-dimensional, periodic rectangular microgrooves of

different widths (0.65–6 lm). The latex beads were driven

into the spatially confined microgrooves by the capillary

interactions and the confined wall during solvent evapo-

ration, resulting in a range of packing structures.

Processing variables including evaporation temperature,

particle size (D), groove width (W), and groove height (H)

were examined experimentally, and geometrical models

were proposed to explain the various packing structures

obtained. The degree of spatial freedom for the particles to

rearrange themselves in the confined channels is found

critical to the assembled particle-packing structure.

Introduction

Monodisperse polystyrene beads and silica colloids are

often used as building blocks for fabricating synthetic opals

with long-range periodicity via bottom-up, self-assembly

route [1–9], creating ordered structures with a precision

that challenges current lithographic techniques for three-

dimensional photonic applications [10–12]. In order to

grow artificial opals from the colloidal dispersion, an

external force field such as gravitational settling [1], elec-

trophoresis [2], and convective evaporation [3] is often

used to facilitate a collective deposition of colloidal par-

ticles on flat substrate with desired packing configurations.

The convective method in particular is characterized by the

evaporation of solvent, by which a solvent influx takes

place from the solvent-rich (thick) region to the solid–

liquid interface (thin region) on the substrate [3, 4]. The

convective motion brings colloidal spheres toward the

liquid–substrate interface. In the mean time, the top surface

of colloidal spheres in an area becomes protruding from the

liquid layer as solvent liquid evaporates, the capillary

attraction due to menisci formed around the colloidal

particles leads to the formation of a nucleus [4]. The

menisci formed around the protruding spheres in the

nucleus give rise to local capillary forces that in turn also

bring in a solvent influx from the thicker areas encircling

the nucleus toward the nucleus region. This influx motion

advances the interface by reclaiming the loss of liquid

solvent, resulting in an iridescent array of orderly packed

particle arrangement.

Structures other than the close-packing configuration are

yet difficult to achieve via the colloidal self-assembly

route, and are hence a subject of some recent research

papers [5–7, 9]. Fabrication of colloidal crystals with a

tailored particle-packing geometry and most desirably a

controlled defect type, defect concentration, and location

has been attempted via the use of patterned substrates as a

template to guide the opal formation. For example, Xia and

co-workers [5] etched rectangular grooves on glass sub-

strate so that polymer beads were allowed to settle into

grooves by capillary force. This deposition operation was

then followed by heating the polymer beads slightly above

their glass transition temperature. A subsequent removal of
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the substrate template resulted in free-standing zigzag

chains of polymer beads. Hoogenboom et al. [6] designed

pillar-shaped templates with a periodical arrangement

having the same hole size as that of silica spheres to be

arrayed. Large areas of defect-free, symmetric monolayers

of ordered vacancy arrays, and body-centered cubic and

simple cubic colloidal crystals were grown successfully on

the templates. Ozin et al. [7, 8] used V-shaped grooves as a

template to grow silica colloidal crystals. The particle-

packing configuration was a face-centered cubic (fcc) (100)

structure. As the grooves changed to a rectangular shape,

the packing configuration transformed into an fcc (111)

structure. This reveals that a change of groove shape was

able to shed lights in tailoring the crystalline packing

structure via the template-assisted colloidal assembly route.

Even though the particle-packing structure of colloidal

assemblage appears to depend critically on the template

geometry used in the template-assisted self-assembly [5–

8], related reference regarding opal formation with geo-

metrical confinement is not extensive. Ye et al. [9] have

used substrate with a periodic one-dimensional grating

structure as a template for the growth of two-dimensional

synthetic opals, and reported that the particle-packing

structures strongly depend on the ratio between the diam-

eter of colloidal spheres and the period of the grating.

Nonetheless, detailed assembly structures when the ratio of

sphere diameter and groove width (and height) varies are

yet not well understood. In this regard, silicon wafers with

one-dimensional rectangular channels are used as a tem-

plate in the study for the convective deposition of mono-

dispersed polymer beads via the colloidal self-assembly

route. The rectangular grooves were designed such that the

long axis of the grooves is placed parallel to the drying

direction during solvent evaporation, and the length of the

groove is substantially greater than the diameter of polymer

beads so that the boundary effect (along the longitudinal

direction) to the packing structure of polymer beads can be

ignored. Effect of the confined walls to the convective self-

assembly is hence restricted to the direction perpendicular

to the drying direction only. Process variables such as

deposition temperature, sphere size, and width of the

rectangular grooves were varied in order to examine their

inter-relations with the grown array structure.

Experimental procedure

Mono-sized polystyrene latex beads dispersed in aqueous

solution (including spheres of 262, 300, 482, and 1000 nm

in diameter, respectively) were used in the study (Ted

Pella, Inc., USA). The original solids fraction of 0.1 vol.%

were diluted to 0.01 vol.% by addition of deionized water

(14 MX). The diluted latex solutions were homogenized

ultrasonically (Sonicator 3000, Misonix, USA), and filled

into a square transparent box with silicon wafers positioned

vertically inside the box (Fig. 1). Rectangular microgroo-

ves of different widths (650, 4000, and 6000 nm,

respectively) were prepared by photolithography and

etching of the silica layer on silicon wafers. Depth of the

grooves (H) was held constant at 550 nm. The patterned

silica-silicon wafers were repeatedly washed in deionized

water and then in acetone for three times prior the depo-

sition process. The transparent box containing the colloidal

solutions and the sectioned wafer substrates (all with an

equal size of 10 9 15 mm) was placed into a controlled

temperature and humidity chamber (KCL-2000A, Tokyo

Rikakikai Co., Japan). Three evaporation temperatures

were used in the experiment: 30, 45, and 65 �C. A ther-

mocouple was placed near the wafers to verify the

evaporation temperature during the assembly process.

Fig. 1 Schematic of the

patterned silicon wafers used to

proceed vertical deposition of

colloidal latex spheres via

convective evaporation. The

etched microgrooves are of

silica layers (a) with rectangular

gratings (b). (c) The latex

spheres were driven into the

grooves by capillary forces at

the liquid–solid interface
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Relative humidity was held at 60% throughout the exper-

iment. Measurement of dihedral angle (FTA2000, First Ten

Ångstroms, USA) on bare silicon wafer and un-etched

silica-top wafers showed that the contact angle was 46.6�
for water-silicon interface and 59.7� for water-silica

interface at room temperature, respectively. The difference

in contact angles may lead to a slight curvature change at

the colloidal particles near the wall during solvent evapo-

ration. The particle-packing arrangement of the deposited

assemblies was examined by a field-emission scanning

electron microscope (JSM-6700F, JEOL, Japan). Only the

deposition sections near the center of the patterned wafers

were examined for comparison reasons.

Results and discussion

Effect of evaporation temperature on template-assisted

convective assembly of latex spheres

Figure 2 shows typical SEM images of the colloid

assemblies deposited at three different working tempera-

tures (30, 45, and 65 �C, respectively) when the ratio of

sphere diameter to groove width (D/W) was held at 0.12.

The micrographs reveal that formation of ordered particle-

packing structure in the confined grooves becomes more

favorable at 45 �C with apparently fewer defect popula-

tions than those from other temperatures examined. At a

reduced evaporation temperature of 30 �C, it appears that

most polystyrene particles would rather stay on the sub-

strate surface than fill into the rectangular channels

(Fig. 2a). One is generally believed that a two-stage

mechanism is involved in the convective self-assembly of

colloidal spheres [4, 13]. Liquid at first forms a meniscus at

the liquid–substrate interface. The liquid layer becomes

‘‘thinner’’ due to solvent evaporation, resulting in protru-

sion of the top of some spheres from the liquid layer.

Menisci then form around the protruding tops of the col-

loidal spheres. Evaporation from these menisci further

increases the local curvature, forming nucleus by the

capillary attraction at the liquid–substrate interface [9]. The

formation of nucleus is followed by a solvent influx from

the thick portion of the liquid to the interface (thin region),

rendering a convective flow in the liquid to alleviate

stresses arising from the concentration gradient. This influx

brings latex spheres to locations near the nucleuses, leading

to the growth of arrayed colloids in close-pack lattice

structure on flat surfaces. The use of patterned substrate yet

induces an additional geometrical variable into the

assembly process. The existence of groove walls physically

changes the shape of menisci and breaks the balanced

symmetry of capillary force at the liquid–substrate inter-

face [9, 14, 15]. This unbalanced lateral (horizontal) force

in turn carries the spheres into the grooves by fluid flow

and may have also help in facilitating re-arrangement of

particles within the grooves. The inability for the latex

particles to enter into the grooved channel at 30 �C is then

presumably due to a rather weak lateral force because of a

low evaporation rate, and hence a reduced difference in the

unbalanced capillary force. The magnitude of the capillary

attraction stems from the surface tension of liquid used, the

radius of contact line at the surface of the spheres, and the

interparticle distance as well [4].

In contrast, when the temperature was raised to 65 �C, a

vast amount of the latex particles preferred to enter into the

grooves of the patterned substrate because of the drops of

solvent are pinned in the groove [9] that induce strong

horizontal driving forces on the particles to accumulate in

the grooves. The relatively high evaporation temperature

further induces a fast evaporation of solvent and a more

intense solvent in-flux near the interface. Almost all the

polystyrene particles fill into the grooves, and not on the

top of the gratings. Visible packing defects accompany the

formation of double-layered packing structure in the con-

fined channels (Fig. 2c). It is possible that the increased

evaporation temperature may have restricted the particles

from re-arranging themselves into the most energetically

favorable, 2D-hexagonal configuration. Additionally, Ye

et al. [16] have shown that an intricate balance in the

processes of nucleus formation, particle transport, and

Fig. 2 SEM images of 482-nm latex spheres deposited on grooved substrates at different temperatures. (a) 30 �C, (b) 45 �C, and (c) 65 �C (0.01

vol.% solution, W = 4000 nm, H = 550 nm, scale bar is 1000 nm)
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crystallization is required to grow high-quality colloidal

crystals via the vertical deposition method. A fast crystal

growth rate due to the increase of evaporation temperature

would spoil the balance and result in defects formation.

Effect of D/W ratio on template-assisted convective

assembly of latex spheres

Figure 3 shows particle-packing configurations when the

groove width was varied. The microsphere size

(D = 482 nm) and the evaporation temperature (45 �C)

were held constant. When D/W = 0.74, free space in the

grooves allowable for the spheres to fill in was limited.

Two sets of particle-packing arrangement resulted. Fig-

ure 3a shows one of them, in which a packing structure

with two-layered single row of particle arrangement was

found. The latex particles on the top layer sit exactly at the

interstices of the underneath particles array and lean toward

the other side of the groove wall, when compared to that of

the bottom row of particles. Figure 3b shows the other set

of particle-packing structures, in which an additional row

of particles fills in the interstices available on the top layer

of the particles arrays. The above particle-packing

arrangements are apparently influenced by the confined

wall during convective self-assembly. It has been stated in

the previous section that the patterned grooves physically

change the shape of menisci between the top of the pro-

truding particles in the nucleus and break the balanced

symmetry of capillary force at the liquid–substrate inter-

face. This unbalanced lateral force brings the latex spheres

into the grooves by fluid flow. The evaporation of water

in the grooves induces a horizontal capillary force to

re-arrange the particles within the grooves. Yet, the con-

fined groove width with a D/W ratio of 0.74 restrains them

from undergoing an effective re-arrangement, leading to

the formation of a less dense structure in some areas when

the particle transport is presumably slower than the

crystallization rate. In contrast, when the groove width is

further increased to D/W = 0.12 (Fig. 3c), arrayed crystals

with a 2D hexagonal structure form in the grooves, due

mostly to a more relaxed wall effect so that an increased

freedom for particle re-arrangement became operative.

A geometrical model is used to calculate the ‘‘critical’’

D/W ratio for attaining a 2D close-packing structure of

spheres on flat surface with a given width. In Fig. 4, the

gray spheres are the smallest ‘‘unit element’’ to assemble

themselves into a hexagonal packing structure. For this

coplanar structure, W scales with D in a form that W ¼
2þ
ffiffi

3
p

2
D: This hence gives a ‘‘critical’’ D/W ratio of 0.54. For

D/W ratios smaller than this value, i.e., D/W \ 0.54, cap-

illary interaction predominates the arraying of particles

during solvent evaporation and induces particle

re-arrangement within a given groove width W. The

re-arrangement is particularly pronounced when the D/W

ratio becomes much smaller than the critical value, leading

to the formation of hexagonal packing structure. The

geometrical model yet implicitly assumes that the asym-

metric capillary forces imposed by the confined walls can

be neglected, which is expected to be true only at small

D/W ratios. In contrast, for D/W [ 0.54, the particle

re-arrangement is prohibited to an undetermined degree.

This gives rise to a formation of a range of non-close-

packing structures depending on process variables such as

local sphere concentration near the liquid–substrate inter-

face. The geometrical model is indeed not unique. In

addition to the negligence of the confined wall effect, the

model does not account for process variables such as

evaporation temperature. As shown in Fig. 2 where the

D/W ratio was held at 0.12 for all the temperatures

examined, different structures were resulted. Nonetheless,

the geometrical model still reasonably explains the various

packing structures obtained in Fig. 3 when given D/W

ratios were used.

Effect of D/H ratio on template-assisted convective

assembly of latex spheres

Figure 5 shows different particle-packing arrangements

when the sphere size was varied while the depth and width

Fig. 3 SEM images of 482-nm latex spheres deposited on grooved

substrates of various grating widths. W = 650 nm for both (a) and

(b), W = 4000 nm for (c) (0.01 vol.% solution, H = 550 nm,

evaporation temperature 45 �C, scale bar is 1000 nm)

Fig. 4 A geometrical illustra-

tion showing D/W ratio for a

2D hexagonal, arrayed spheres
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of the rectangular grooves were both held constant, i.e.,

H = 550 nm and W = 4000 nm, respectively. The sphere

sizes all satisfy the geometrical D/W ratio B 0.54

requirement for the particle re-arrangement within the

confined channels. The ratio of sphere size versus groove

height (or depth), i.e., D/H, yet varied from 0.48 to 1.82. In

Fig. 5a–c, latex spheres with D/H ratios of 0.48–0.88 favor

to form a single-layered or double-layered, coplanar

packing configuration within the grooves. When the sphere

diameter is increased to be greater than the groove depth,

i.e., D/H = 1.82, the assembled arrangement changed from

the coplanar array to a non-coplanar, double-layered

packing arrangement (Fig. 5d).

A model is proposed to explain the experimental find-

ings. As shown in Fig. 6a, latex particles with a reduced

D/H ratio smaller than unity possess a higher degree of

freedom in re-arranging themselves to form a more ener-

getically favorable particle arrangement with a dense

packing configuration, resulting in the formation of single-

layered or double-layered coplanar structure in the

confined microgrooves with no apparent extra particles left

behind on the dried substrate surface. This compares quite

favorably with the observations in Fig. 5, especially when

the D/H ratio is much smaller than unity. In contrast, as

D/H [ 1, two particle-packing arrangements may form. As

shown in Fig. 6b and c, the number of particles able to be

arranged within the grooves is limited as the physical size

of the particles is increased. Additional row of particles on

top of the arrayed packing spheres then possesses a total

packing height exceeding that of the groove wall so that the

particles are more easily to be pulled away by capillary

forces to the positions from the groove to the free substrate

surface during drying. The capillary force involved in

Fig. 6b might have been smaller than that involved in

Fig. 6c because the liquid-front line calculated from the

total height of the double-layered packing configuration is

slightly smoother than that of the other arrangement. A

significant portion of the spheres near the edge of the

groove wall exceeds the groove height in Fig. 6c and thus

induces a pronounced capillary force on the particles with

Fig. 5 SEM images of latex

spheres deposited on grooved

substrates when colloidal

spheres of different diameters

were used. (a) 262 nm, (b)

300 nm, (c) 482 nm, and (d)

1000 nm (0.01 vol.% solution,

H = 550 nm, W = 4000 nm,

evaporation temperature 45 �C,

scale bar is 1000 nm)

Fig. 6 Schematic cross-

sectional drawings of the

arrangement of latex spheres in

the groove with various D/H
ratios. (a) 1/3H \ D \ H, (b)

D [ H (stable), and (c) D [ H
(unstable)
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the increased curvature so the outer spheres on the top layer

tend to depart from the groove or change their configura-

tion to Fig. 6b if possible.

Conclusion

Self-assembly of mono-sized polystyrene particles was

conducted on patterned silicon wafers with 1D grating,

rectangular microgrooves via a convective evaporation

method. Physical confinements together with capillary

interactions involved at the liquid–substrate interface crit-

ically determine the assembled particle arrangement upon

solvent evaporation, resulting in various particle-packing

arrangements mainly determined by the capability of par-

ticle re-arrangement from the confined wall effect. An

intricate balance in the processes of nucleus formation,

particle transport, and crystallization is a key to grow

ordered opals via the colloidal route. In this study, evap-

oration temperature of 45 �C appears to be a favorable

deposition temperature. The geometrical restriction

imposed on the latex particles by the confined walls

becomes more significant when the D/W ratio exceeds a

critical value of 0.54 or when the D/H ratio is greater than

unity, leading to various packing configurations different

from the hexagonal packing arrangement.
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