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1. Introduction 

A colloidal system consists of insoluble particles well-dispersed in a continuous solvent 
phase, with dimensions (generally less than 1µm in at least one important dimension) that 
are relatively larger than the molecules of the solvent. When the particles in this system are 
arranged in periodic arrays, analogous to a standard atomic crystal with repeating subunits 
of atoms or molecules, they form colloidal crystals (Pieranski, 1983). Gem opal (silica 
particles in close packed arrangement), iridescent butterfly wings made of periodic and 
spongelike pepper-pot structure (Biró et al, 2003) and sea mouse with hexagonal close 
packed structure of holes (McPhedran et al, 2003) are typical examples of colloidal crystals 
found in nature.  
In 1935, discovery of tobacco and tomato virus by Stanley (Kay, 1986) provided excellent 
examples of naturally occurring monodisperse colloidal crystals. By centrifuging the 
dilute suspension of virus particles, crystals formed at the bottom of centrifuge tube can 
be examined by X-ray or light diffraction. The ease to obtain close-packed arrangement of 
colloidal particles has fascinated many, especially researchers working in chemical 
sensors, photonic band gap (PBG1) crystals, nanopatterning and sensors. 3D Colloidal 
crystals with periodicity ranging from 100nm to 1µm diffract visible wavelength 
according to Bragg’s law, serving as waveguide and reflective surfaces for many useful 
devices in communication (Avrutsky et al, 2000; Liu, 2005) and solar harvesting (Mihi et 
al, 2011). Monolayers of colloidal arrays can serve as lithography mask (Lee et al, 2010) 
and physical mask for nanoimprinting. Periodicity can then be manipulated with the right 
particle size.  
In this chapter, we discuss briefly the concepts of a colloidal system and types of interaction 
that give rise to crystallization, growth techniques and characterization tools available to 
help readers who are interested and new to colloidal systems. However, we limit the scope 
to simple colloidal particles which are spherical and of identical size, despite the possibility 
to self-assemble colloidal structures of complicated dimensions (Chen et al, 2006; Lu et al, 
2001). Of the many growth methods, we place particular emphasis on capillary growth and 
its dependence on interparticle interactions, the substrate, and the manipulation of the 
solvent meniscus. 

                                                 

1Photonic band gap crystals are periodic structures which are able to block light propagation through 
the crystal in one or more directions. (Yablonovitch, 1987) 
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2. General concepts of a colloidal system 

2.1 Colloidal system as a model for condensed matter  

Colloidal systems share several similar cooperative phenomena with condensed matter 
(atomic crystal): ordering, phase transitions and stability of the resulting phases. As the ratio 
of colloidal particle size to atomic dimension is huge (~103), parameters like the time scales 
of diffusion and lattice distances are also scaled up appropriately to milliseconds and 
micrometers respectively. This allows one to probe into real time processes that are 
otherwise inaccessible in atomic systems (Arora & Tata, 1996). As a result, a suspension of 
colloidal particles has provided fascinating models to investigate the physics of nucleation 
and growth (Gasser et al, 2001; Habdas & Weeks, 2002), phase transitions (Bartlett et al, 
1992; Gast & Russel, 1998; Sirota et al, 1989), and fundamental problems of crystallization 
kinetics (Auer & Frenkel, 2001; Yethiraj et al, 2004).  
A stable suspension of monodisperse colloidal particles normally appears milky white and 
will only become iridescent when interparticle distance shrinks to submicron range and 
satisfy Bragg’s diffraction. Extensive study of equilibrium phase behavior of monodisperse 
colloidal system has shown that face-centered cubic (fcc) ordering is the equilibrium phase 
(Hales, 1997), above a threshold volume fraction (Pusey & Megan, 1986). Interestingly, body 
centered cubic (bcc) system was also discovered at ionic strength lower than 2.7 x 10-6 M KCl 
and volume fraction less than 0.008 (Monovoukas & Yiannis, 1989). The ability to change 
interparticle forces using electrolytes soon becomes a major advantage of colloidal system in 
modeling condensed matter.  
Understanding all the interaction forces involved for particles in close proximity is 
nontrivial, as their magnitude or strength will decide their stability in suspension (no 
aggregation), ease of crystallization and final packing arrangement. Since many practical 
applications in interface science and colloidal science revolve around the problems of 
controlling forces between colloidal particles and between surfaces of different curvatures, 
many have devoted considerable effort to model surface forces and engineer their 
interactions in either short range or long range. It is impossible to give a detail perspective 
for all proposed models regarding colloids, only a few important concepts are introduced 
here, chosen based on the authors' preference for convenience. A more comprehensive 
review of all the interactions involved can be found in “Ordering and Phase transitions in 
Charged Colloids” (Arora & Tata, 1996). 

2.2 Hard sphere model 

One can first treat colloidal particles as hard and electrically neutral particles. Besides van 
der Waals forces, they only interact by steric repulsion when they are brought into physical 
contact. For monodisperse spherical particles, the close-packing limit is 0.74, which is 
equivalent to atomic packing factor of fcc atomic crystal. In another words, fcc packing 
arrangement would be the most stable form of colloidal crystal at equilibrium.  
In practice, high concentration of colloidal suspension tends to flocculate before maximum 
packing limit is reached. Brownian motion allows particles to gain thermal energy easily 
and collide with each other to form clusters. If many aggregates form upon collision 
(especially at high temperature and high concentration), there is a high chance that 
amorphous colloidal aggregates will form, preventing further packing. In order to obtain 
FCC crystal structure, slow sedimentation of large particles in less concentrated suspension 
(volume fraction, v.f. << 0.5) by gravitational forces was explored (Crandall & Williams, 
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1977; Mayoral et al, 1997; Míguez et al, 1997). A phase transition from fluid to crystal can be 
observed as the local volume fraction increases beyond 0.49 (Pussey & Megan, 1986). This 
process is rather slow and may take up to a few days to weeks, depending on the initial 
concentration and desired volume of crystal grown.  
In 1968, Hoover and Francis confirmed the existence of first-order melting transition for 
colloidal hard spheres and reported the densities of coexisting phases via Monte Carlo 
simulation (Hoover & Ree, 1968). It was found that melting and crystallization occur at 
reduced pressure of p = 8.27. The corresponding volume fractions, Φ is thus in the range of 
0.50 to 0.55.  

2.3 Charged spheres 

Almost all colloidal particles are not electrically neutral. They may contain a large number 
of acid, base or other functional groups which are susceptible to dissociation in a polar 
solvent. Their functional groups are normally determined by the synthesis path or catalysts 
used. For instance, polystyrene beads synthesized using KPS (Potassium persulfate) catalyst 
will give rise to negatively charged particles. Hence, hard sphere model using exclusively 
steric repulsion is only a good approximation, but not an accurate approach to address real 
colloidal system. 
Fig. 1 depicts the charge distribution surrounding negatively charged particles in water 
suspension. Given a neutral system of suspension, each colloidal particle of radius R carries 
negative charges of Ze. The water solvent contains an equivalent amount of counterions as 
well as possible stray ions such as salt (Na+ and Cl-). In a pure colloidal suspension with no 
salt present, the negative charges on particle surfaces will form thick double layer (~101 nm) 
and exert repulsion on each other, preventing formation of particle clusters. Part of the 
counterions will be attracted to near surface of negatively charged particles, while the 
remaining can move around in bulk suspension. If a small amount of salt (e.g. NaCl) is 
added into the colloidal system, positive ions (Na+) will be attracted to particle surface, 
screening the repulsions between negatively charged particles. As a result, interparticle 
distance decreases and the attraction between particles could be enhanced. Super high salt 
concentration will collapse the double layer, and if the particles happen to be in physical 
contact by chance (Brownian motion), they will form irreversible aggregates immediately, 
giving no chance of forming ordered structures.  
 

 
Fig. 1. Colloidal particles of radius R carrying negative charge -, with counterions + present 
in vicinity. + and – signs which are enclosed in circles represent stray ions. 
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2.4 DLVO model 

To further assist reader, a model based on DLVO theory is introduced. It is named after 
Derjaquin, Landau, Verwey and Overbeek. The theory describes the interaction forces 
between charged surfaces in a liquid medium. It combines both the van der Waals forces 
and electrostatic interaction of charged surface, computed in mean field approximation in 
the limit of low surface potentials.  
Here, it is assumed that: 
a. Each colloidal particle is surrounded by its own double layer and behaves as if it was 

electrically neutral unless it approaches another particle closely enough 
b. Only small and very mobile ions are first allowed to move. The mean field must be 

consistent with the boundary conditions on the surface of colloidal particles in 
suspension and the distribution obeys Boltzmann statistics (Brownian motion). 

c. The potential energy of an elementary charge on a surface is much smaller than the 
thermal energy, kBT. 

d. The particles are allowed to change position and find their own equilibrium states.  
For DLVO potential,  
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R is particle radius, co is ion concentration, k is Boltzmann constant, T is temperature, ǋ is 
inverse double layer thickness, r is separation between particles, and A is Hamaker constant. 
Surface potential of particles can be described by  
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where z is valence of counter ions, e is the electronic charge, and Φ is the surface potential. 
It is obvious that the first part of equation (1) is related to electric double layer interaction 
(repulsion by similar charge of particles) where as the second part can be referred to 
attractive van der Waals interaction. As discussed earlier, electric double layer provides an 
energy barrier against irreversible agglomeration. This energy barrier, as indicated in Fig. 2 
(right) as Vmax, normally has a magnitude ranging from 0 ~ 100 kT, depending on the 
suspension parameters. Unlike the atomic model, two minima exist between two 
approaching colloidal particles, which are irreversible (primary) and reversible (secondary) 
respectively. In atomic crystals, atoms are held strongly in the single equilibrium position 
(as indicated in Fig. 2 (left)). High energy barrier or chemical bonds must be broken to 
disrupt the ordering. A brief comparison of interaction potential between atoms and 
colloidal particles in close proximity is best illustrated in Fig. 2 for clarity. 
Surprisingly, the existence of secondary minimum allows scientists to “anneal” or remove 
defects in ordered arrays of wet colloidal crystal at this metastable state, before reaching the 
final irreversible dry state of colloidal crystal. The related works of particulate mobility in 
wet colloidal crystal will be further discussed in section 3.2.  
For crystallization to occur, van der Waals forces must exceed double layer repulsion. This 
could only happen when particles are so close enough, overcoming the energy barrier Vmax. 
This is possible as double-layer interaction energy is finite or increases slowly when r 
approaches zero, while Vvdw decreases exponentially when r → 0. Unlike electrostatic 
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interaction, van der Waals interaction is highly insensitive to the change of pH and 
electrolyte concentration. Small addition of salt may change the magnitude of Vmax 
significantly and remove the secondary minimum. Thus, no ordering in long range is ever 
possible if this situation happens.  
 

 
Fig. 2. A comparison of interaction potentials between atoms (Left) and colloidal particles 
(Right) in close proximity, described by Leonard-Jones potential and DLVO potential 
respectively.  

3. Ordering and kinetics of colloidal particles 

The ordering and kinetics of colloidal particles could be quite different from atomic crystals. 
The medium of colloidal dispersion gives rise to the dynamic motion of particles (Brownian) 
and exerts capillary forces on the particles near the interfaces (Kralchevsky & Nagayama, 
1994). Fluid instability at interface (e.g. dewetting) further complicates the kinetics of 
crystallization process (Davis, 1980; Troian, 1989). All these contribute to several technical 
issues in achieving perfect crystal growth.  
Hence, it is important to address the relevant critical forces involved in particle ordering. 
First, the proposed mechanism will be presented here with supporting research works from 
literature review and authors’ publications. However, the discussion will be mostly focused 
on assembly process induced by capillary forces. Other assembly methods like e-field 
induced assembly (Holgado et al, 1999; Prieve et al, 2010; Yethiraj and Blaaderen, 2003; 
Zhang & Liu, 2004) and spin-coating assembly (Jiang & McFarland, 2004) can be referred to 
the recommendations in the reference list. 
As mentioned in section 2, self-assembly via gravitation force is rather slow, and limits its 
application. Besides, the particles will only settle if their size and density is sufficiently high. 
This sedimentation tendency is best characterized by the Peclet number (see equation 3). 
Hence, this practical issue led to the studies of filtration and centrifugation (Park et al, 1999; 
Velev & Lenhoff, 2000), which however do not necessarily offer good control over packing 
quality and thickness of crystal grown. The formation of polycrystalline domains with 
different lattice orientation in colloidal crystals is commonly found, possibly due to 
nucleation at different locations of the specimen surface and the subsequent growth of 
crystal domains in different directions (Pusey et al, 1989).  
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Here we describe colloidal self-assembly under the effect of evaporation and capillary force, 
a phenomenon observed in the “coffee-ring” experiment [Deegan et al, 1997]. When a drop 
of coffee is spilled onto a solid substrate, a dense ring of stain will be formed upon drying, 
leaving the center of the initial droplet empty. The dense deposition of coffee solids near the 
outer ring signifies an intense movement of solid particles from the droplet interior to the 
drying perimeter. This driving force is attributed to evaporation, causing outward capillary 
flow (both solvent and solids) to the pinned contact line of the drying droplet, in order to 
replenish solvent loss from the edge (Dushkin et al, 1993). Deegan and his group then 
confirmed a power-law growth of ring mass with time in coffee-ring deposition, a 
mechanism which is independent of substrate type, carrier fluid and deposited solids. In 
short, the deposition process could be very fast, depending only significantly on the 
evaporation rate.  
Dating back to 1992, the mechanism and stages of evaporation-induced assembly was first 
investigated in detail using an experimental cell containing a thin well of monodisperse 
micrometer-size latex particles, which allowed in-situ microscopic observation (Denkov et 
al, 1992). Similar to coffee-ring experiment, the particles were brought convectively to the 
edge of evaporation front, and the ordering of particles was found to be initiated when the 
thickness of water layer approached the underlying diameter of particles. Examples of 
particles moving to the drying edge of water film are shown in Fig. 3 and Fig. 4. Self-
assembly starts when water thickness is about one particle diameter (860 nm) and it is 
normally monolayer near the perimeter of drying droplet.  
 

 
Fig. 3. Evaporation driven self-assembly in sessile droplet. Polystyrene particles (860 nm) 
move convectively to the drying edge, forming monolayer crystal at the outer perimeter. 
Transitional phases (e.g. buckling, square) are observed few particle diameters away from 
the perimeter (copyright reserved). Arrow indicates the direction of particle movement. 
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In evaporation-induced self-assembly, much attention is paid to the drying stage when the 
thickness of water layer is close to particle diameter. As evaporation proceeds, thinning of 
water layer causes deformation of menisci (shown in Fig. 4) between particles at drying 
front. Further evaporation from the concave menisci increases the curvature and local 
capillary pressure, driving more water influx from thicker water layer to thinner region. 
Partially immersed particles also experience capillary attraction, leading to further packing 
of particles to form close-packed crystal. It is also worth noting that large and partially 
submerged particles can be immobilized by the thinning water layer as the vertical 
component of surface tension force pressing the particles against the horizontal substrate is 
huge. This phenomenon also serves as a condition for contact line pinning, which we will 
discuss later in section 4.2. Besides, formation of multilayer colloidal crystal is possible if 
wetting angle is large or thickness of water layer is large (Jiang et al, 1999).  
Due to the almost fixed contact line formed by colloidal droplet on horizontal substrate, a 
variation of colloidal crystal thickness is commonly observed, from one single layer near the 
edge to multilayer further away from the contact line (Fig. 3). In spite of evaporation, slight 
reduction of water layer thickness over time does not help in the uniformity. Hence, an 
approach to let contact line move along deposition direction was introduced. Fig. 5 
illustrates an experimental setup of vertical deposition, where a substrate is submerged 
vertically or at an inclined angle inside a colloidal suspension of dilute concentration (< 0.1 
volume fraction). The temperature of the suspension can be controlled by a water bath 
surrounding the suspension, driving the convective flow of particles to contact line for 
controlled deposition. As long periods of evaporation may change suspension concentration 
over time, the temperature is normally adjusted to be very low, close to room temperature. 
Then the moving contact line is driven accordingly by withdrawing the substrate or 
pumping out the colloidal suspension at a controlled speed (Zhou & Zhao, 2004). The speed 
of the moving contact line will then determine the thickness of colloidal crystal obtained.  
 

 
Fig. 4. Sessile droplet of colloidal suspension is shown on the left and a magnified version of 
thinning water layer of colloidal particles is depicted on the right. The scaling is for 
illustration purpose only. Curvy arrows indicate evaporation or water loss, which is faster at 
the edge. Straight arrows indicate convective flow of particles to the edge of sessile droplet. 
And dashed arrows on the right figure indicate capillary attraction between two partially 
submerged particles.  

Other parameters such as incline angle of submerging substrate, surfactant addition, 
evaporation rate, ambient temperature, solvent volatility, particle concentration and 
substrate hydrophilicity have been explored to control the thickness of deposition (Denkov 
et al, 1992; Dimitrov & Nagayama, 1996; Im et al, 2003; Jiang et al, 1999; Kralchevsky & 
Denkov, 2001; Mclachlan, 2004). All these parameters must be optimized together with the 
speed of moving contact line, in order to obtain large area of uniform colloidal crystal.  
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Fig. 5. Figure depicts an experimental setup for flow-controlled vertical deposition, an 
assembly method to control movement of contact line along crystal growth direction (Zhou 
& Zhao, 2004). Inset on the right shows capillary rise region near the submerged substrate.  

3.1 Kinetic stages of colloidal crystallization 

Since capillary forces can be significant in influencing the final assembly during drying 
process, systems with continuous environmental changes must be taken into account if one 
aims to design a process to obtain long-range ordered structures. There was also a desire to 
correlate the microscopic interaction and macroscopic boundary forces to provide a more 
complete model of colloidal self-assembly. The macroscopic forces are primarily capillary 
forces experienced by partially immersed particles under the thinning of water layer. The 
microscopic forces are contributed by electrostatic, steric interactions and van der Waals forces 
between closely arranged particles. In the case of larger particles, they will experience stronger 
effect of macroscopic boundaries before they have a chance to interact by microscopic forces. 
One can assume dominant function of capillary forces in this type of system. On the contrary, 
particles which are relatively smaller than the volume in which they are confined will be 
driven by microscopic interaction forces before experiencing capillary forces.  
In order to understand the transition dynamics from well-dispersed colloids in suspension 
to dry colloidal crystalline film by evaporation-induced self-assembly, in situ transmission 
spectroscopy was introduced to monitor the assembly stages (Koh & Wong, 2006; Koh et al, 
2008). Treating the assembly process as an emergent photonic crystal, several sequential 
stages of colloidal ordering with different lattice parameters in wet suspension could be 
interpreted based on Bragg’s law (equation 4). Fig. 6 depicts an experimental setup by Koh 
et al, to investigate the self-assembly stages at the meniscus near the contact line formed on 
vertical substrate in vertical deposition.  
Due to the good wettability of the hydrophilic glass substrate, thin meniscus formed near 
the substrate was higher than the bulk meniscus, providing a clear line of sight for 
transmitted beam. As evaporation proceeds, consistent arrival flux of particles at the thin 
meniscus could either stay or sediment back into bulk suspension. The tendency to sediment 
can be described by Peclet number, Pe:  

 /BPe m gR kT  (3) 
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where mB is buoyancy mass of a particle with radius R and g is the gravitational 
acceleration. This number is also a good indicator to determine the stability of a colloid 
suspension. For Pe >> 1, the particles will tend to sediment and form agglomerates. In 
vertical deposition, commonly used particles are small, having Pe of unity or smaller. For 
instance, polystyrene spheres of 0.1 µm and 10 µm in water solvent at a temperature of 23°C 
give Peclet number of 5 x 10-5 and 5030 respectively.  
A sequence of transmission spectra were taken from time t1 to t5, as shown in Fig. 7. The 
diffraction features shown in Fig. 7 can be correlated to photonic band gap structures (Ho et 
al, 1990; Koh et al, 2008). Under slow evaporation, it can be assumed that ordering in the 
suspension will lead to the equilibrium FCC structure (Monovoukas & Yiannis, 1989). 
Besides, (111) plane of colloidal crystal obtained is confirmed to be parallel to the substrate, 
providing an important reference for photonic band gap calculation 
The spectra was at first featureless as light was hardly transmitted due to random scattering 
by the disordered structure. As local volume fraction at thin meniscus increases with 
evaporation, first feature A was observed at t1 (300 min). This indicates the onset of order in 
the colloidal suspension: the first kinetic stage of ordering. Here, the rising local 
concentration shrinks the average distance between particles. Since particles are fully 
submerged in solvent, it is believed that the interaction forces between the particles are the 
only driving force for ordering, overwhelming the randomizing Brownian forces. It is also 
found that feature A corresponds to a larger lattice parameter (368nm) of fcc colloidal 
crystal, compared to 276 nm of the expected equilibrium colloidal crystal formed by hard-
sphere packing of the polystyrene particles with diameter of 195 nm. This transition 
structure is stabilized by the interparticle forces, in which the existence of DLVO potential 
barriers prevents the particles from coming into direct contact. Here, we treat the interaction 
potential between two particles in a solvent using DLVO theory (see section 2.4) where the 
total potential is taken as the sum of the repulsive and attractive forces.  
With continued growth of the colloidal crystal, a second feature (B) appears at a shorter 
wavelength (from t2 onwards in Fig. 7). This corresponds to wet FCC colloidal crystal with 
the particles in direct physical contact (zero separation) with water in the interstices. Water-
retaining capillary pores are normally formed in the interstices of deposited colloidal crystal 
as the meniscus recedes below the self-ordered crystal. The subsequent loss of water upon 
drying of wet colloidal crystal immediately gives rise to a blue shift, feature C at t4 (770 min) 
and t5 (800 min), which can be correlated to the change of dielectric contrast as water in the 
interstices is replaced by air. In the transitions from t1 to t3 and t3 to t5, coexistences of the 
two features A and B are observed at t2 and t4 simultaneously. These are likely due to the 
simultaneous existence of the corresponding transition structures where not all region of 
wet colloidal crystal shrink and dry at the same time. The growth of intensity for feature B 
from t2 to t3 indicates the area increase of double-layer collapse across the studied area of 
colloidal crystal (area of the incident light beam). Also, the intensity increase from t4 to t5 
explains the continual evaporation of water from the wet colloidal crystal to form dry 
crystal, revealing feature C. 
The essence of this work is the demonstration of three distinctive stages in colloidal self-
assembly, as shown in Fig. 8. This model is further supported with sequential changes of 
lattice parameters derived from the transmission spectra in Fig. 7. It was then confirmed that 
feature A had a lattice parameter of 368 nm, which was larger than the equilibrium colloidal 
crystal with lattice parameter of 276 nm. The larger interparticle distance in wet suspension 
during self-assembly indicates the existence of DLVO potential barrier, which prevents 
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particles from coming into direct contact. This finding highlights the important role of 
interaction forces for small particles, despite the earlier understanding that colloidal self-
assembly at liquid menisci is driven solely by capillary forces. This could only be true for the 
sizes of the particles that are small relative to the volume that is confined by the macroscopic 
boundaries. It is believed that the capillary forces are only brought into action from the 
second stage onwards, where the forces collapse the electric double layer, thus bringing  
 

 
Fig. 6. Schematic shows an in situ transmission spectroscopy of colloidal self-assembly. A 
glass substrate is located in a plastic cuvette of colloidal suspension. This whole apparatus is 
kept in a temperature-controlled chamber, which controls evaporation from the suspension. 
Reprinted with permission from Langmuir, Vol. 24, No. 10 (May 2008), pp. 5245-5248. 
Copyright 2008 American Chemical Society. 

 

 
Fig. 7. Transmission spectra show emerging features A (608 nm), B (491 nm), and C (462 nm) 
at different time interval. Two features are observed simultaneously at times t2 and t4. The 
spectra are offset vertically for clarity. Spectra are taken at t1 (300 min), t2 (320 min), t3 (400 
min), t4 (770 min) and t5 (800 min). Reprinted with permission from Langmuir, Vol. 24, No. 
10 (May 2008), pp. 5245-5248. Copyright 2008 American Chemical Society. 
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particles into direct contact, with solvent trapped in the interstices (Fig. 8, middle). The 
assembly process then ends with the final replacement of water with air, bringing a change 
in periodic dielectric contrast as water evaporates from wet colloidal crystal (Fig. 8, Top). 
Once this stage is achieved, the colloidal crystal obtained will be stable and strong enough to 
resist structural changes against liquid infiltration process. This robustness enables 
infiltration with other functional materials to obtain inverse opal structures or opals with 
different material properties via double templating (Yan et al, 2009).  
Understanding the dynamic transition of colloidal crystal may provide some insights 
towards improving long-range quality of colloidal crystal. First, the electric double layer 
around each particle must be as thin as possible, and yet prevent premature aggregation. 
This is because large double layer thickness will give rise to large shrinkage stress during 
the final collapse of double layer (A to B), resulting in macroscopic cracks (Jiang et al, 1999). 
In the next section, the manipulation of DLVO potential to study particulate mobility of self-
assembly process will be discussed.  
 

 
Fig. 8. Three distinct stages in colloidal self-assembly process. First stage (bottom) shows a 
transition structure with a large lattice parameter, corresponding to feature A in Fig. 7. As 
the meniscus moves, this structure collapses to a smaller lattice parameter (middle), with 
water retained in its interstices, giving rise to feature B in the transmission spectra. Finally,  
a dried colloidal crystal (top) corresponding to feature C is obtained. Reprinted with 
permission from Langmuir, Vol. 24, No. 10 (May 2008), pp. 5245-5248. Copyright 2008 
American Chemical Society. 

3.2 Particulate mobility in vertical deposition 

The absence of repulsion forces between charged particles and oppositely charged surfaces 
often lead to disordered clustering (Yan et al, 2008). At high particle concentration in a 
confined volume (e.g. thin meniscus), repulsion force is the key to prevent irreversible 
clustering and the prerequisite for sufficient particulate mobility to obtain higher packing 
quality, if sufficient time of ordering is given. Since understanding the collective behavior of 
the particles in an environment of high mobility is indispensable, the mobility and 
electrostatic interactions of negatively charged substrates and positive colloids were studied, 
with optimized parameters of ionic strength, volume fraction, and solvent evaporation 
temperature in vertical deposition (Tan et al, 2010).  
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3.2.1 Stick-slip behavior of colloidal deposition 

When the positive polystyrene colloids are self-assembled on a negatively charged 
substrate, a uniform array of alternating linear patterns is usually obtained with limited 
widths (Ray et al 2005; Tan et al, 2010). As shown in Fig. 9, these 1D particulate bands are 
deposited at relatively regular intervals across the entire substrate. A magnified view of 
SEM photos reveals close-packed ordering within each band. However, the ordering quality 
is poor with abundant point and planar defects.  
This alternating band is no different to the case of negatively charged particles being self-
assembled on glass surface of same charge (Teh et al, 2004). The only difference is the 
presence of tiny clusters scattered within the so called “empty band” region. As discussed 
by Teh, the alternating bands can be attributed to the stick-slip motion of meniscus growth 
front during deposition, while the presence of scattered clusters in the “empty bands” could 
be caused by electrostatic attractions between colloids and substrate. Since the surface 
charge density of silica glass was determined to be -0.32mC/m2 (Behrens & Grier, 2001), 
strong electrostatic attraction will immobilize positive particles if they happen to come close 
to the glass surface. This could explain the disordered random ordering of positive colloids 
in the “empty-band” region.  
 

 
Fig. 9. (a) Microscopic picture shows interplay of stick-slip deposition and attractive 
deposition of positive colloids on negatively charged glass surface. (b) and (c) are magnified 
SEM photos showing alternating bands of ordered region and scattered clusters of random 
ordering. Particle concentration = 0.5 vol%, temperature = 35oC. Reprinted with permission 
from Langmuir, Vol. 26, No. 10 (May 2010), pp. 7093-7100. Copyright 2010 American 
Chemical Society.  

At the pinned contact line of meniscus, meniscus will first recede and deform with the 
consistent withdrawal of solvent in flow-controlled vertical deposition. Then the continual 
flux of particles to the thinning region will increase the local volume fraction and decrease 
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interparticle distance, causing the ordering to nucleate in the confined meniscus. If the 
meniscus thickness is larger than one particle diameter and recedes much slower than 
particle deposition, multilayer band with hcp orientation will be obtained. When the 
solution recedes further with contact angle reaching the minimum receding angle, the 
meniscus contact line will slip rapidly to a lower pinning level with a new contact angle. 
This process is then repeated with dynamic change of angle and alternating bands of 
deposition. More details can be found in Teh’s published work (Teh et al, 2004). 

3.2.2 Effect of volume fraction and ionic strength 

Multilayer colloidal crystal shown in Fig. 9 was obtained with 0.5 vol% of colloidal 
suspension at 35oC. When a more dilute concentration of 0.1 vol% was used (not shown), 
multilayered bands can be replaced by monolayers with locally ordered configurations. This 
can be explained by the lower particle flux to the drying edge during deposition, at the same 
withdrawal rate of suspension. At the same time, longer time is required for colloids to 
reach threshold concentration in the confined thin meniscus, implying that particles will 
have sufficient time to self-assemble in an orderly manner. Larger interparticle distance and 
lower frequency of collision due to Brownian motion are believed to slow down irreversible 
aggregation and random electrostatic adsorption of particles onto charged substrate. Hence, 
lower volume fraction of colloidal suspension is normally used to obtain long-range ordered 
crystal as slow increment of local volume fraction at thin meniscus is expected to impart 
greater inplane colloidal mobility during assembly process. Another comparison of 
concentration effect (0.05 and 0.01 vol%) on monolayer crystalline quality is given in Fig. 10. 
Dilution leads to better ordering quality, in agreement with other work (Zhou & Zhao, 
2004).  
Besides volume fraction, inplane mobility is also affected by electrostatic interaction 
between ordering particles in thin meniscus layer (Maskaly, 2006; Tan et al, 2008). For 
positive colloids, addition of salt (ionic strength increases) will reduce Debye screening 
length of the electric double layer. The result of this is twofold. First, positive colloids of 
similar charge will approach each other closer, and can be configured into stable in-plane 
ordered array with minimal cracks upon drying. Second, shorter Debye length will give 
positive colloids extra time to form ordered array, before being adsorbed onto negatively 
charged surface by electrostatic attraction. For example, the addition of 10 µM KCl was 
reported to give highest density of hcp domains, further supported by the distinctive 6-fold 
coordinated diffraction spots of a hexagonal lattice (Fig. 10 b). Detailed evidence can be 
referred to the relevant publication (Tan et al, 2010). 
Besides, Tan also postulated that the assembly of charged colloids may achieve an intricate 
balance between particle-particle repulsion and particle-substrate attraction, when a 
colloidal suspension of low volume fraction and low ionic strength is used. This is a 
condition where the particles are sufficiently far apart to reorient themselves into 
geometrically and thermodynamically favored close-packed arrangement.  
Fig. 11 shows the phase behavior of positive polystyrene colloids assembled on a negative 
silica glass substrate at 25C, at various ionic strength and volume fraction. It indicates that 
aggregates are likely to occur at high ionic strength across the whole studied range of 
volume fractions (0 to 0.1 vol%). For low ionic strength (< 10µM), long-range hcp ordering 
could be obtained with the use of low volume fraction (< 0.6 vf%). 
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Fig. 10. Hexagonal close-packed domains and corresponding FFT inset obtained from 
vertical depositon at 25oC and 10 µM KCl. (a) Particle concentration = 0.05 vol % (b) Particle 
concentration = 0.01 vol%. Reprinted with permission from Langmuir, Vol. 26, No. 10 (May 
2010), pp. 7093-7100. Copyright 2010 American Chemical Society.  

 

 
Fig. 11. Phase behavior of self-assembled colloidal structure, by deposition of positively 
charged polystyrene colloids on a negative borosilicate glass substrate at 25oC. Approximate 
boundaries between the ordered and glassy phases at different conditions are indicated by 
dashed lines. The axis of ionic strength is plotted in logarithm scale. Reprinted with 
permission from Langmuir, Vol. 26, No. 10 (May 2010), pp. 7093-7100. Copyright 2010 
American Chemical Society.  
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3.2.3 Effect of temperature 

There are two major effects brought by temperature increase (Dimitrov & Nagayama, 1996; 
McLachlan et al, 2004). First, high evaporation rate drives higher flux of particles to the 
drying edge, leading to faster crystal growth rate. Larger thickness of colloidal deposition is 
possible if solution withdrawal and meniscus deformation rate (thickness reduction) is 
much slower than particle flux. Second, kinetically active particles will bump into each other 
with high frequency. If they are of similar charge with substrate, higher ordering could be 
obtained since mobility is sufficiently large for further packing. However, substrate of 
opposite charge will likely immobilize colliding particles, giving no chance of good ordering 
(irreversible clustering). 

3.2.4 Mobility in binary colloid 

Earlier discussion has been devoted to the fine control of PS colloidal mobility in single-
component crystallization. However, close-packed lattices have limited available 
symmetries (FCC or HCP) and associated properties which are too restrictive for diverse 
potential applications, especially in photonics. Using a mixed suspension of two particle 
types, colloidal crystals with lower symmetries can be made possible to provide novel 
properties in photonics, sensing and filtering (Bartlett et al, 1992; Kitaev & Ozin, 2003; 
Sharma et al, 2009; Tan et al, 2008).  
Layer-by-layer growth is commonly used to self-assemble these structures, with right 
conditions of surfactants, temperature and ionic strength. Unlike the uniform negatively 
charged glass substrate used in self-assembly of positive colloids (see section 3.2.2), an 
underlying negatively charged L-colloidal template can be used to provide a periodic 
potential landscape to assist ordering of the next layer of colloids (named S-colloids) with 
opposite charge. These steps could be repeated to get additional layers of LSn structures. 
In LS2 structures (see inset in Fig. 12a), each interstice in the first layer of hexagonally close 
packed (hcp) particles (L) is filled by one small particle (S). LS6 structure is also possible 
where each interstice of first layer is filled by three particles (S) instead (Sharma et al, 2009). 
Unfortunately, both lower and higher densities of binary structures are usually observed 
together in LBL experiments. This led to an extended work to study the particulate mobility 
of colloids over an ordered potential landscape of an assembled hcp monolayer of opposite 
charge (Tan et al, 2010). 
In previous work, Tan reported that a low ionic strength of 10 ǍM KCl could vastly improve 
the ordering of attractive binary colloidal structures in layer-by-layer (LbL) growth, 
presumably because the S-colloids possess sufficient mobility to self-assemble into a highly 
symmetrical LS2 2D-superlattice. Besides ionic strength, crystalline quality also depends 
strongly on evaporation temperature and the most uniform LS2 was obtained at low 
temperature (25C). Fig. 13 shows a comparison of temperature effects (25C vs 35C) over 
LS2 assembly using 10µM of KCl electrolyte. Similar to the case of single-component 
crystallization on glass surface of opposite charge, lower evaporation rate and slow crystal 
growth rate provide additional time for S-particles to reorient and stabilize into a 
thermodynamically favorable in-plane LS2-superlattice (in suspension), before settling onto 
the oppositely charged template (L-layer). On the other hand, a slight increase of 
temperature to 35C disrupts the inplane ordering structure, resulting in disordered binary 
arrays. This can be explained by greater Brownian motion of particles and faster loss of 
water due to evaporation, in which water is the key to mobility during ordering.  
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Thus a consensus can be drawn that an intricate balance of the particulate mobility by all three 
parameters, (1) evaporation temperature, (2) volume fraction, and (3) ionic strength, is critical 
for the quality of self-assembled colloidal crystals. Other than these, the delivery speed of the 
particles to crystal growth front should equal the crystal growth rate. These can be optimized 
by evaporation control and meniscus receding rate. Regardless of the type of substrates and 
the charge of particles used, particulate mobility must be assured to guarantee sufficient time 
of reordering to achieve final irreversible crystallization. Next we will discuss various 
templating efforts to obtain perfect single crystal and crystals with complex symmetry, which 
are impossible to be achieved by conventional self-assembly on bare substrates. 
 

 
Fig. 12. Layer-by-layer assembly of positive colloids (250 nm) onto a hcp monolayer of 
negatively charged particles (550 nm) in flow-controlled vertical deposition, revealing LS2 
structure. Reprinted with permission from Langmuir, Vol. 26, No. 10 (May 2010), pp. 7093-
7100. Copyright 2010 American Chemical Society.  

 

 
Fig. 13. Layer-by-layer assembly of positive colloids (371 nm) onto a hcp monolayer of 
negatively charged particles (604 nm) in flow-controlled vertical deposition, at temperature 
of (a) 25oC and (b) 35oC. Reprinted with permission from Langmuir, Vol. 26, No. 10 (May 
2010), pp. 7093-7100. Copyright 2010 American Chemical Society.  
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4. Towards perfect crystallization 

4.1 Template-assisted self-assembly 

Despite many efforts to grow large-area perfect crystal (> 1000µm3) that are useful for 
optical devices, most do not offer sound practicality for large scale integration. 
Sedimentation is extremely slow, limited by absence of control over number of layers and 
uniformity over topology. The method based on vertical deposition requires strict control of 
surface charge density of particles or substrate, particle and electrolyte concentration, 
temperature, and humidity.  
Geometrical confinement has been long studied to affect the phase behavior of colloidal 
particle ordering (Schmidt & Löwen, 1997; Ramiro-Manzano et al, 2007). By using thin parallel 
plates or a wedge cell of few particle diameters in gap, crystal transitions (e.g. buckling) can be 
observed with changes of cell thickness. Similar confinement approach was also extended by 
Park et al to obtain much better ordering and orientation compared to the colloidal crystals 
grown from bare substrate (Park et al, 1997). Using pressure, they injected a suspension of 
colloidal particles into a well-confined rectangular cubic cell, with solvents being drained out 
through the channels (< particle diameter) built lithographically along the side walls of the 
cell. This left behind accumulating particles at the bottom of the cell and rapid crystallization 
of particles over 1 cm2 with well-controlled number of layers (1 ~ 50 layers) could be easily 
attained. With sonication (Sasaki & Hane, 1996), the packing quality of close-packed lattice 
could be further improved under flow. This cell can then be dried off in an oven and 
dismantled later. The perfect colloidal crystal confined by these physical walls could then be 
integrated into device-making. Crytals grown this way have 3D domain size of 12 µm x 0.5 cm 
x 2 cm, which is almost equivalent to the cell size of 12µm x 2 cm x 2cm.  
Coupling with the laminar flow of colloidal particles, flow-driven organization of particles 
in microchannels (rectangular grooves) was studied (Kumacheva et al, 2003). Using 
template with periodic rectangular grooves, the influence of the width and size of such 
rectangular grooves on colloidal self-assembly was investigated. Depending on the 
commensurability of the particle into the grooves, various structures like close-packed 
hexagonal, rhombic and disordered structures were reported. If a large mismatch (> 15%) 
exists between the ideal and experimental ratios, defects would be introduced in the crystal 
structure. In a subsequent study, a much narrower groove was explored, in which only parts 
of a colloidal sphere could (snugly) fit into. Precise ordering of colloidal lines was thus 
obtained (Allard et al, 2004). 
 

 
Fig. 14. (a) Anisotropically etched V-shaped channels into a Si (100) wafer obtained using 
lithography. (b) SEM photo depicts six-layer (100) single crystal made of silica particles, sitting 
in a V-grooved channel. (c) Vacancy defects observed in the top layer of micro-spheres. (Yang 
& Ozin, 2000) – Reproduced by permission of The Royal Society of Chemistry. 
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In order to enable realization of colloidal crystals in devices, they must be fabricated into 
planarized microphotonic crystal chips. Ozin and his group pioneered the fabrication of 
planarized microphotonic structures by the deposition of micro-spheres into V-shaped 
grooves (apex angle = 70.6) (Ozin & Yang, 2000 & 2001). The nucleation was believed to 
first occur along the apex of the V-grooves, followed by the subsequent layers of growth. 
The depth of such grooves will determine the number of layers of colloidal crystal formed 
and the close-packing tendency ensures projection of (100) crystal orientation, terminating at 
the crystal-air interface (see Fig. 14). 
Emerging micro- and nanofabrication technologies in template structuring allows one to 
shrink the pattern size to tens of nanometers (e.g. e-beam lithography). The ability to create 
nano- or microfeatures consistently enables precise deposition of each particle and control over 
its packing symmetry, packing efficiency and packing quality of the resulting crystal. Using 
topologically patterned templates, Van Blaaderen et al showed that slow sedimentation of 
colloidal particles into the ‘‘holes’’ of topologically patterned templates enables formation of 
fcc colloidal crystals with crystal orientation of (100) planes parallel to the patterned surface 
(Blaaderen et al, 1997). This is different from the usual (111) plane orientation obtained, with 
respect to the surface. They succeeded to achieve large oriented crystals at which the defect 
structures were tailored by surface graphoepitaxy2 approach. As the template used has a 
known orientation, photonic crystals grown could be sliced such that the exposed (001) and 
(110) facets of the fcc crystal structure could be integrated into specific applications. It was also 
shown that intentional mismatch of hole pitch and particle diameter can give rise to defect 
structures, such as randomly stacked (111) planes above the first few layers from the surface of 
template. This is similar to the case of growing epitaxial layer of CdTe (111) on GaAs (001) 
substrate, with a mismatch of about 14.6% (Bourret et al, 1993). Other than this, other cubic 
packing system like body-centered cubic (bcc) and simple cubic (sc) colloidal crystals have also 
been reported using similar approach (Hoogenboom et al, 2004). 
It is obvious that templating offers a remedy to the shortcomings of spontaneous colloidal 
self-assembly, especially in manufacturing crystals tailored for realistic photonic 
applications. Other than the potential to obtain defect-free colloidal crystal of fcc structure 
with different plane orientation, it is also possible to assemble monodisperse colloids into 
complex structures or subunits (Romano & Sciortino, 2011; Vinothan et al, 2003), and then 
lead them to complex crystal symmetries of lower packing density.  
According to photonic band structures calculated for various crystal symmetries and 
dielectrics (Ho et al, 1990; Pradhan et al, 1997; Busch & John, 1998; Moroz & Sommers, 1999; 
Vlasov et al, 2000), it was confirmed that an fcc colloidal structure has a PBG only in the 
second Brillouin zone (second-order Bragg diffraction), not in the first Brillouin zone (Blanco 
et al, 2000). Besides, a sufficiently high refractive index contrast (> 2.8) between the building 
blocks of the fcc crystal (colloidal particles and the interparticle space) is required to obtain a 
full omnidirectional band gap. Furthermore, photonic properties of commonly found fcc 
crystals are very sensitive to structural disorder (Vlasov et al, 2000). In this regard, 
nonspherical particles also offer immediate advantages in applications that require lattices 
with lower symmetries and higher complexities.  

                                                 
2 Growth of crystal by substrate topology as opposed to atomic lattice in which a material is crystallized 
onto an existing crystal of another material, resulting in effective continuation of the crystal structure of 
the substrate.  
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Templates used for “nucleation” of complex colloidal clusters or crystal layers are usually 
engineered by modification of the surfaces via lithography (Chen et al, 2000; Choudhury, 
1997; Rijn et al, 1998) and chemical patterning (Bertrand et al, 2000; Delamarche et al, 1998; 
Ulman, 1996; Xia & Whitesides, 1998). The control of surface chemistry like charge and 
functional reactivity can be obtained by coating an adhesive monolayer which is specific to 
the substrate, called self-assembled monolayers (SAM) (Ulman, 1996). For example, one can 
use thiol functional groups for gold surface, and silanes for silica substrate. The functional 
groups of this self-assembled molecular layer will then adhere to the corresponding surface 
with the other desired ends (e.g. charge for particle interactions) projected outwards. 
Besides, one can also use SAMs to coat different charges (positive, negative or neutral) on 
each crystal layer grown via layer-by-layer method to obtain binary colloidal crystal in 
vertical deposition.  
Other than direct photolithography or e-beam lithography to create paterns on these SAM 
layers, SAM patterns can also be transferred to a flat substrate by soft lithography (Xia & 
Whitesides, 1998) and nanoimprint lithography (Hu & Jonas, 2010; Torres, 2003). 
Subsequent ordering of colloidal particles on such chemically defined patterns can be 
achieved in vertical deposition via electrostatic interaction and capillary forces. As 
discussion in section 3.2, charged microspheres can be self-assembled on the oppositely 
charged areas of the patterns when the substrate is slowly taken out from the colloidal 
suspension (Fustin et al, 2004). Depending on the size ratio of colloidal particle and 
patterned area, complex colloidal aggregates can be grown (Lee et al, 2002).  
Despite progressive advancements in lithography systems, high facility cost and 
maintenance impede practical use of templating in colloidal self assembly. Hence, it is worth 
exploring simple templating like V-groove, and low-cost templating system like soft 
lithography and nanoimprinting, to enable innovative ways for template-assisted self-
assembly. Next, we will discuss our approach to utilize meniscus pinning to control 
positional nucleation and inplane-oriented growth of large area monolayer colloidal crystal 
from one straight surface relief.  

4.2 Controlling inplane orientation of large area monolayer colloidal crystal 

Among various top-down and bottom-up methods discussed earlier, capillary forces 
induced convective self-assembly is attractive, requiring only a simple and economical 
setup. However, common nonidealities like thickness nonuniformity, restricted domain size 
and empty bands or voids are frequently reported. When a substrate is submerged into a 
liquid, a wavy contact line is commonly observed at air-liquid-solid interface, due to 
Rayleigh instability (Davis, 1980). In vertical deposition, it is believed that the trapping of 
colloidal particles along this wavy contact line will first lead to accumulation of particles, 
and then multidirectional initiation of colloidal crystal growth (Fig. 15c). Since the domain 
growth directions tend to be different along the wavy contact line; this eventually limits the 
final domain size of colloidal crystals obtained. Other than this, dynamic change of receding 
contact angle of colloidal suspension during liquid or substrate withdrawal will produce 
colloidal stripes or alternating colloidal and empty bands via the stick-slip mechanism 
(Adachi et al, 2005; Teh, 2004; Thomson et al, 2008).  
Here, we demonstrate the usage of meniscus pinning by surface relief boundaries to control 
in-plane orientation of monolayer colloidal crystals without the interruption of grain 
disorientation. By printing a straight surface relief which has a strong affinity to water 
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molecules (common solvent for colloidal particles), a straight wetting line of colloidal 
suspension could be pinned along the surface relief patterned (Fig. 15a). The photoresist SU-
8 has been shown to work in this context. As most photoresists do not have good affinity to 
water (hydrophobic), their surface can be treated with UV ozone to improve wetting. A 
small addition of surfactant (SDS) and trapping of colloidal particles along wetting line do 
give enhanced pinning by almost 100%.  
 

 
Fig. 15. (a) Schematic shows how water film is pinned and stretched near surface relief when 
the substrate is being pulled out of colloidal suspension. (b) Optical micrograph shows 
straight liquid pinning and nucleation along surface relief, and the subsequent inplane 
oriented growth. (c) Optical micrograph shows that colloidal nucleation on bare substrate 
always starts with wavy contact line and wavy nucleation line, giving rise to polydomain 
growth. As indicated, fingering effect of wetting solvent is observed above the wet 
assembled colloidal crystal. Yellow arrows show liquid receding direction. The scale bar is 
8Ǎm. Reprinted with permission from Langmuir, Vol. 27, No. 6 (March 2011), pp. 2244-2249. 
Copyright 2011 American Chemical Society. 

The initial establishment of liquid pinning along straight surface relief will allow colloidal 
particle deposition along the thin meniscus wedge (Fig. 15b). Fast substrate withdrawal or 
receding bulk meniscus relative to colloidal deposition speed will pull the pinned contact 
line, either causing depinning or contact-line movement in a fingering pattern (Sharma & 
Reiter, 1996; Troian et al, 1989), together with the pinned colloidal domains. Hence, 
depinning of the initial contact line must be avoided. 
By optimizing the pinning boundary and withdrawal speed, a well-controlled linear 
meniscus contact line allows a straight nucleation edge of monolayer crystal growth front, 
which then acts as a crystal growth seed, permitting the most close-packed direction <11> or 
<10> (as in 2D hexagonal lattice) to assemble along the surface relief. As a result, this 
unidirectional growth can give rise to single domain crystals with only twins and vacancies 
present as residual defects (see Fig. 16). More evidence can be referred to the supporting 
documents provided at the publication site (Ng et al, 2011). 
Conservatively, the domain crystal size obtained can be as large as 1 mm2, with residual 
defects of vacancies, twin boundaries and small misoriented domains. Despite these 
imperfections, the domain orientation of large crystal domain remains similar. More 
evidence in the form of SEM photos scanned sequentially can be found in the supporting 
documents published (Ng et al, 2011). To conclude, this novel approach could offer the 
desired ease of integration for device making, as the inplane-orientation of crystal grown 
can be easily identified by referring to the engineered surface relief. 
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Fig. 16. SEM photo (a) shows inplane domain-oriented growth of colloidal crystal from the 
edge of straight surface relief, producing high degree of directionality. Particles are lined up 
in the close-packed direction <10> or <11>, along the surface relief. Red lines drawn serve as 
a guide to illustrate the perfect orientation under the straight pinning effect. (b) For 
comparison, colloidal assembly on bare substrate is shown, explaining the effect of wavy 
lines which result in domain growth of various directions. The desired growth directions are 
from left to right. (c) and (d) show line-plot profiles generated using ImageJ3, along middle 
red line in part a and across central region in part b, respectively. Reprinted with permission 
from Langmuir, Vol. 27, No. 6 (March 2011), pp. 2244-2249. Copyright 2011 American 
Chemical Society. 

5. Characterization of colloidal crystal 

The most commonly used modern instruments in imaging dried colloidal crystals are 
scanning electron microscope (SEM) and transmission electron microscope (TEM). These 
types of imaging provide a quick view on the periodic structures grown via colloidal self-
assembly; it does not however give quantitative data like crystal parameters in three 
dimensions. They are only good for 2D and topology scanning with smaller field of view 

                                                 
3 ImageJ is a Java application popular for SEM and TEM image processing and analysis. More on 
http://rsbweb.nih.gov/ij/  
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(short range). If the particles are large enough (> 1Ǎm diameter), their motion and ordering 
can also be observed with optical microscopes (Denkov et al, 1992; Pieranski, 1983; Yan et al, 
2008).  
Fortunately, the ability of colloidal crystal to diffract light allows one to characterize the 
crystal structure and quality with ease (Hiltner & Krieger, 1969). For colloidal crystals with 
lattice spacings in the order of visible-light wavelengths, diffraction method can be used in 
transmission mode or reflectance mode (Imura et al, 2009; Koh et al, 2006). As discussed 
earlier, in order for electromagnetic waves to diffract, it must obey the following Bragg’s 
law. Direct reflection peak or transmission peak can then be recorded using UV-vis 
spectrometer. 

 1112 effn d   (4) 

 2 2( (1 )eff ps airn n n     (5) 
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2

( )
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where neff is effective refractive index of the colloidal suspension, d111 is the interlayer 
spacing between (111) plane, D is particle diameter, nps and nair are refractive indices of 
polystyrene particle and air respectively, and ψ is the volume fraction of particles in 
suspension. 
Unfortunately, strong interaction between light and the crystals could result in multiple 
scattering. It was observed that the Bragg spacings derived from diffraction measurements 
could deviate strongly from the real lattice spacings (Los et al, 1996). Besides, the available 
optical spectrum limits the number of Bragg reflections to be observed. These issues could 
be remedied by small angle X-ray scattering. First, X-ray interacts weakly with colloidal 
particles, serving as an excellent tool to probe internal structure of photonic crystal. Second, 
since there is a dramatic difference between X-ray wavelength (~1Å) and the particle 
diameter (e.g. 1Ǎm), a tiny diffraction angle (narrow focus range) in the order of 10-4 rad will 
be able to supply sufficient information regarding the crystal (Thijssen et al, 2006). To 
conclude, radius, size distribution and internal structure of particle, crystal structure, lattice 
parameter and average orientation of colloidal crystal can be investigated via X-ray 
scattering (Megens et al, 1997; Vos et al, 1997).  
Kossel lines, previously used in X-ray diagrams or electron diffraction experiments (Kikuchi 
lines) had also been used to examine phase transformation of colloidal crystal, crystal 
structures and their lattice parameters (Clark et al, 1979; Pieranski et al, 1981; Yoshiyama et 
al, 1984). Fig. 17 demonstrates a simple setup to obtain Kossel diagram, which is either 
projected on a spherical screen, V or a flat one, F. The colloidal crystal suspension is held in 
a glass or quartz cuvette, which is immersed in a spherical vessel V (diameter ~ 10 cm) filled 
with pure water. This water-filled vessel serves to minimize the refraction at the surface of 
the crystal. A divergent laser beam (normally He-Ne, ǌ = 632.8 nm) is then focused through 
a window and the diffracted beam will be projected on the spherical projection screen V or 
on a flat screen at distance X.  
It should be noted that a 2D map of diffraction spots could be printed on the projected 
screen in Fig. 17, if a collimated white light is used. This offers a distinct advantage in 
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immediate identification of the wavelength diffracted, based on the colour of the projected 
Laue spots. Other than white light, collimated laser and X-rays can also be used to obtain 
diffraction spots, by vary the scanning angle of the incoming beam (Williams & Crandall, 
1974; Clark & Hurd, 1979).  
 

 
Fig. 17. (a) Experimental set-up of Kossel analysis, where a divergent laser beam is shone 
through thin colloidal crystal sample and the diffracted beam is projected on the curved 
screen V or flat screen F. (b) Diagram shows formation of Kossel cone in (a), where the 
Kossel lines are the intersection between the Kossel cone and the projection screen shown in 
(a). (Pieranski et al, 1981) 

6. Conclusion 

In spite of recent progress in colloidal self-assembly, large scale ordering of colloidal 
crystals with controlled packing symmetry, periodicity, crystal orientation and packing 
quality in a practical and economical application still remains an active scientific and 
engineering activity. This interest is intensively fuelled by the many fundamental 
scientists, application engineers and researchers working in tailored colloidal crystals 
exhibiting novel functions in applications. This chapter highlights not only our own work 
in colloidal self-assembly, but also the fundamental concepts and key approaches used to 
grow colloidal crystals. We think that particle-particle interactions in the process of 
assembly, mobility and space confinement remain the three crucial keys in fabricating 
performance-sound colloidal crystals.  
For example, one could think of giving directional properties to colloidal particles and 
control the particle interactions in short range to form tetrahedral clusters. The clusters can 
then be directed into long range assembly via necessary confinement (e.g. meniscus, 
template, etc) to achieve equilibrium ordering of a diamond lattice. Simulations can also be 
deployed to assess the feasibility of related colloidal crystal structures for specific tailored 
synthesis, assembly and performance. However, the common inherent problem remains 
over the practicalities: speed, cost, area of crystal grown and ease of integration. In 
conclusion, the potential is huge, and there is still much room for future research. 
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