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Controlled Colloidal Assembly: Experimental Modeling of 
General Crystallization and Biomimicking of Structural Color
 This paper aims to give an overview on the recent progress of controlled 
colloidal assembly as a unique experimental modeling system to study the 
general crystallization mechanism, i.e., the kinetics of nucleation, growth, and 
defects formation, and as a template for photonic crystals engineering. Such 
a system allows us not only to visualize some “atomic” details of the nuclea-
tion and surface process of crystallization, but also to treat quantitatively the 
previous models to an extent that has never been achieved before by other 
approaches. As such, the kinetic process of nucleation was quantitatively 
examined at the single particle level for the fi rst time, allowing the identifi -
cation of the deviations from the classical theories. The application of the 
electrically controlled colloidal crystallization to the modeling of the kinetics 
of some important processes of crystallization, i.e., multistep crystallization, 
supersaturation-driven structural mismatch nucleation, defect creation and 
migration kinetics, surface roughening, etc., has brought our knowledge to 
a new phase. Apart from the fundamental aspects, the controlled colloidal 
crystallization has attracted signifi cant attention in many applications. In 
this regard, the application of colloidal crystallization to the fabrication of 
photonic crystals and the biomimicking of natural structure colors will be 
examined. 
  1. Introduction 

 Colloids are dispersions of nano/microsized particles in a fl uid 
background solvent. Common examples range from ink, milk, 
mayonnaise, paint, and smoke, so their study has a myriad of 
practical applications. [  1–3  ]  In terms of applications, there is great 
interest in controlling the colloidal assembly, which could be 
employed to defi ne a template for creating two-dimensional 
(2D)/three-dimensional (3D) periodic structures for applica-
tions in photonic devices, [  4  ,  5  ]  biological and chemical sensors, [  6  ]  
and tunable lasers. [  7  ]  Apart from the applications, colloids 
have been employed as a model system to study phase transi-
tions. [  8–13  ]  In this regard, these nano/micronsized colloids pro-
vide an important platform for sampling the aggregation and 
assembly at the single-particle level because of its visible size, 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinhei
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slow dynamics, and tunable interparticle 
interactions.   [1–3  ,  14–18  ]  In addition, col-
loidal particles in solutions behave like 
big “atoms” [  10  ,  11  ]  and the phase behavior 
of colloidal suspensions is similar to that 
of atomic and molecular systems. [  12  ]  The 
advantage of this model system is that 
the growth units are colloidal particles, 
and thus the crystallization process can 
be observed directly by a normal optical 
microscope. Furthermore, the interaction 
between colloidal particles can be turned 
by the adjustment of the ionic strength, pH 
of solutions/suspensions, and the applied 
fi eld strength and frequency, etc. There-
fore the thermodynamic driving force for 
the crystallization can be controlled pre-
cisely in a colloidal system. In this sense, 
the quantitative measurement and the 
data interpretation become possible. [  11  ,  12  ]  
Moreover, proteins and viruses are in the 
colloidal domain. Any advantage in the 
understanding of colloidal crystallization 
will exert a direct impact on the control 
of proteins and other biomacromolecules 
crystallization. 
 We notice that crystallization plays a crucial role in the prep-
aration of functional materials, [  19–22  ]  the structural characteriza-
tion of natural and synthetic molecules, [  23  ,  24  ]  and the develop-
ment of advanced technologies. [  25  ,  26  ]  Many nano materials are 
crystalline phases and the essential structures and most impor-
tant properties of the systems are determined by nucleation 
and the correlation between the nucleating nano phase and the 
substrate, etc. Nowadays, the control of nano crystallization is 
directly related to some soft materials and nanophase forma-
tion. [  27  ]  From the technological point of view, the knowledge of 
nucleation, growth, and defect generation is very important in 
identifying robust technologies in electronic, photonic and life 
science technologies. 

 Up to now, crystallization was still considered as art rather 
than science, mainly because there is not suffi cient knowl-
edge on its critical early stages and the atomic processes. In 
this regard, the kinetics of the transition from the metastable 
structure to the stable structure has so far been open to ques-
tion. The key challenge is the in situ imaging of the atomic/
molecular dynamic process, which is limited by both the spa-
tial and the temporal defi nition of current technologies and 
the absence of the direct observation on the transition process 
in real-space, except for some local events of crystallization/
m Adv. Funct. Mater. 2012, 22, 1354–1375
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quasi-crystallization of large species, namely proteins [  28  ]  and 
colloidal particles. [  29  ]  Notice that computer simulations have 
been applied to acquire the information. [  14  ]  Nevertheless, due 
to the constraints of computation power and methodologies, 
the knowledge obtained is still limited. It is therefore of crit-
ical importance to develop a new methodology to “simulate” or 
“monitor” the atomic/molecular dynamic process of the nuclea-
tion and growth of crystals. [  15  ]  

 The purpose of this paper is to provide an overview on the 
recent progress in the controlled colloidal crystallization. Our 
concentration will be focused on the following two aspects: 
the controlled colloidal crystallization as a model system to 
simulate and treat the kinetics of crystallization in a quantita-
tive way, and as a template to engineer photonics crystals and 
to biomimic structural colors. From the fundamental point of 
view, some most essential issues in materials science, i.e. the 
dynamics of nucleation, the kink/step kinetics of crystallization, 
multistep crystallization, etc. will be examined. We will demon-
strate that the modeling based on the electrically controlled col-
loidal crystallization will provide the most up-to-date knowledge 
on crystallization at the individual growth unit level in combi-
nation of visualization and quantitative treatment. From the 
aspect of applications, the fabrication of photonics crystals by 
colloidal crystallization will be examined. Finally, some exam-
ples of the biom,imicking of structure colors and application to 
textiles will be given. 

   2. Thermodynamic Driving Force of Colloidal 
Crystallization and Assembly 

 Notice that apart from visualization, the controlled colloidal 
crystallization system should demonstrate the capability of pro-
viding the controllable thermodynamics conditions for the the-
oretical analyses. This implies that the thermodynamic driving 
force should be controllable under given conditions. Regarding 
the colloidal crystallization, the interactions between two 
colloid particles play a key role. The most general equation the 
total free-energy difference ( Δ  G ) between particles at infi nite 
separation and at a separation  H  is obtained by adding these 
contributions:

 

�G = �Gatt(van der Waals)+�Grep(short range)

+�Grep(electrostatic)+�Grep(steric)+�G(other effects)   
 (1)   

where superscripts “att” and “rep” denote attraction and repul-
sion respectively. The consideration for the overall interactions 
mentioned above has been treated by the Deryagin-Landau-
Verwey-Overbeek (DVLO) theory. [  30  ]  In practice, it is not neces-
sary to consider all these contributions simultaneously, except 
in certain special cases. We shall here deal with the two simpler 
situations in which the long-range repulsive potential arises 
 either  from electrostatic  or  from steric contributions. Notice the 
way in which the double-layer repulsion depends on the ionic 
strength of the medium: the curves may show a high repulsive 
barrier at low ionic strengths, a so-called secondary minimum 
at intermediate ionic strengths, and a negligibly small barrier, 
or none at all, at higher ionic strengths. In the same way the 
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 1354–1375
form of the steric repulsion is determined by the nature of the 
interactions between the adsorbed polymer chains d the sol-
vent. A repulsive barrier of variable range and a minimum of 
variable depth can result, depending on the solvent and the 
temperature. It follows that the interactions between colloidal 
particles can be turned by changing the ionic strength, pH of 
the solutions, or adding polymers. This implies that the “phase 
behavior” of such systems can be tuned by altering the above 
parameters. 

 Apart from the above mentioned forces, the interaction 
between colloidal particles can be induced and controlled by an 
alternating electric fi eld. [  15  ,  31–45  ]  One can tune the interaction by 
altering the frequency and/or the strength of the applied fi eld. 
This effect can be captured by  Δ  G (other effects) in  Equation (1) . 
In comparison with other stimuli, the electric stimulus can 
be applied and switched off instantly without disturbing the 
original solutions. Although the interactions between colloidal 
particles can be of many kinds, they are basically functions of 
1/ r  eq  ( r  eq  denotes the equilibrium distance between two neigh-
boring particles). This implies that for a given colloidal system, 
the interaction between two adjacent particles is fi xed once  r  eq  
is constant. In other words, the change of  r  eq  can refl ect directly 
the change of inter particle interactions. 

 As tuning the frequency and fi eld strength of an AC fi eld is 
much easier than other conditions, we will focus on the col-
loidal crystallization under an AC fi eld (i.e.,  Figure    1  ). [  33  ,  35  ,  37  ]  
Nevertheless, not all ranges of frequency and intensity of the 
AC fi eld can produce a crystalline assembly of particles. There 
exists a fi nite frequency range with well defi ned lower and 
upper cut-off values characteristic of particle size, charge, ionic 
1355wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  1 .     Top: the experimental setup. The colloidal suspension is sandwiched between two ITO-coated glass plates separated by insulating spacers. 
Below: The phase diagram and typical colloidal patterns induced by an AEF at room temperature. a) A 2D colloidal crystal at fi eld strength   σ    E    =  2.6  ×  
10 4    V/m  and  f  =   800 Hz. b) 3D aggregation of colloidal particles, as captured by the LCSM at   σ    E    =  2.4  ×  10 4    V/m  and  f  =   100 Hz. c) Static snapshot 
of colloidal chains by the LCSM at   σ    E    =  1.8  ×  10 4    V/m  and  f  =   0.1 Hz. d) Snapshot of oscillatory vortex rings at 2.3  ×  10 4    V/m  and  f  =   1 Hz. e) The 
isotropic liquid state of colloidal suspension. Scale bars in (b) and (c) represent 5  μ m, and in (a), (d) and (e) represent 10  μ m. Colloidal suspension 
(0.1% in volume fraction) of monodisperse charged polystyrene spheres (1  μ m in diameter) is confi ned to a horizontal layer between two conductive 
glass microscope slides. Glass spacers set the layer thickness in the cells at 2  H   =  120  ±  5  μ m across the 1.5 cm  ×  1.5 cm observation area. The AEF 
was supplied by a waveform generator. The motions of the colloidal particles are recorded with a computer driven digital CCD camera. Reproduced 
with permission. [  44  ]  Copyright 2009, American Institute of Physics.  
strength of the solution, pH etc. The attractive force which can 
overcome the interparticle electrostatic repulsion and enable 
2D colloidal aggregation is widely suggested to be due to elec-
trohydrodynamic (EHD) fl ow. [  46  ,  47  ]  Fluid motion is set up by 
the interaction between this free charge and the lateral elec-
tric fi eld, which is caused by the distortion of the applied fi eld 
by the colloidal particles. A “phase diagram” of the electrically 
controlled colloidal assembly under a constant temperature is 
given in Figure  1 .  

 In order to examine crystallization in a quantitative manner, 
the thermodynamic driving force should be well defi ned. The 
thermodynamic driving force for the phase transition (e.g., crys-
tallization) can be defi ned by  Δ   μ  , which refers to the difference 
56 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag 
between the chemical potentials   μ   i  ambient  and   μ   crystal  of a growth 
unit in the ambient mother and in the crystalline phase:

 �μ =μambient
i − μcrystal   (2)    

 (Subscript  i  denotes the solute in the ambient phase.) When 
 Δ   μ    >  0, the system is said to be supersaturated. This is the 
thermodynamic pre-condition for nucleation and growth of 
the crystalline phase. Conversely, when  Δ   μ    <  0, the system is 
undersaturated. Under such a condition, crystals will dissolve. 
When  Δ   μ    =  0, the ambient phase is in equilibrium with the 
crystalline phase. As for temperature  T  and pressure  P , one has 
(  μ   i  ambient ) eq   =    μ   crystal . 
GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 1354–1375
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 (  μ   i  ambient ) eq  is the chemical potential of a solute molecule in 
a state of phase equilibrium. Then for crystallization from solu-
tions, the chemical potential of species  i  is given by [  48  ,  49  ]  

μi = μ0
i + kT ln ai ≈ μ0

i + kT ln Ci   (3)   

where  a i  , and  C i   denote the activity and concentration of species 
 i , respectively, and  μ   i   0  denotes the standard state ( a i    =  1) of the 
chemical potential of species  i . This then gives rise to the ther-
modynamic driving force

 

�μ

kT
= ln

ai

aeq
i

≈ ln
Ci

Ceq
i   

(4)
    

 where  a i   eq ,  C i   eq  are, respectively, the equilibrium activity and 
concentration of species  i . If we defi ne the supersaturation for 
crystallization as

 σ = (ai − aeq
i )/aeq

i ≈ (Ci − Ceq
i )/Ceq

i   (5)    

  Equation (4)  can then be rewritten as

 �μ/ kT = ln(1 + σ ) ∼= σ the case of σ<< 1)in(   (6)    

 For colloidal crystallization, the similar relationship can be 
found. If the interaction between the particles in the crystal 
phase remains constant at different fi eld strength and frequen-
cies, the supersaturation can be given by  Equation (6)  where 
  σ    =  (  φ   −   φ  m  )/  φ  m   (  φ   and   φ  m   represent the actual concentration 
and the equilibrium concentration of the solute, respectively). 

   3. Simulations of Nucleation and Crystal Growth 

 Three dimensional (3D) crystallization, including colloidal crys-
tallization, is a fi rst-order phase transition process. It normally 
takes place via nucleation, followed by the growth of crystals. 
The nucleation of crystals will determine whether a crystalline 
phase will occur, and the correlation with its surroundings. On 
the other hand, the growth of crystals will to a large extent deter-
     Figure  2 .     a) Crystallization normally takes place via nucleation, followed by the growth of crys-
tals. Nucleation is a kinetic process of overcoming the nucleation barrier, which is the outcome 
of the occurrence of the surface free energy   γ  . b) Illustration of nucleation on a foreign particle. 
  θ   is the virtual contact angle between nucleating phase and substrate. Reproduced with permis-
sion. [  27  ]  Copyright 2004, Springer.  
mine the size, morphology and perfection of 
crystals. Therefore, the understanding of the 
governing mechanism will allow us to exer-
cise the effective control and the engineering 
of crystalline materials. In this sense, we will 
review how the electrically controlled col-
loidal crystallization can be applied to model 
the general process of crystallization, and 
other nonclassical phenomena, i.e., multi 
step nucleation, anti-templating effect etc. 

  3.1. Nucleation Barrier 

 The key step of nucleation is to overcome a 
potential barrier, so-called nucleation barrier, 
which a crystalline system in order to create 
a (crystalline) nucleus in the ambient phase, 
and which determines the rate of nuclea-
tion. As shown by  Figure    2  , the occurrence of 
nucleation barrier is subject to the interfacial 
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 1354–1375
energy. If under a certain condition the probability of creating a 
nucleus is uniform throughout the system, nucleation is defi ned 
as homogeneous nucleation. Otherwise, it is defi ned as heteroge-
neous nucleation. Notice that what has been mentioned above is 
normally referred to three dimensional (3D) nucleation. During 
crystal growth, the so-called two dimensional (2D) nucleation will 
take place at the growing crystal surfaces. When the growth of a 
crystal surface occurs under its critical roughening temperature, 
there will be a non-zero free energy, the so-called step free energy 
associated with the creation of a step of unit length at the sur-
face. Such a crystal face has the atomically smooth surface. Due 
to the step free energy, the creation of a new layer on the existing 
layer of the crystal surface should overcome a free energy bar-
rier, similar to 3D nucleation barrier. If the crystals are free of 
screw or mixed dislocations, they grow by the mechanism of 2D 
nucleation [  3  ]  and the growth rate  R  g  is largely determined by the 
2D nucleation rate. Although they are not exactly the same, both 
3D and 2D nucleation share many common features in almost 
all aspects. [  49  ,  50  ]  Therefore, the analysis on 2D nucleation can be 
applicable to 3D nucleation, and vice versus.  

 As the most important factor, the nucleation rate  J  is deter-
mined by the height of the free energy barrier, the so-called 
nucleation barrier. The free energy change due to the formation 
of a cluster of can be found from thermodynamic considera-
tions, since it is defi ned as

 �G = Gfin − Gini   (7)   

for a system at constant pressure and temperature ( G  ini  and  G  fi n  
denotes the Gibbs free energies of the system in the initial and 
fi nal states before and after cluster formation, respectively). If  M  
is the number of solute molecules in the system, one has then

 �G = −n�μ + �n   (8)   

where   Φ   n  is the total surface energy of the  n -sized cluster 
(except for the nucleation of bubbles when   Φ   n  contains also 
pressure–volume terms).The function  Δ  G  reaches its maximum 
 Δ  G   ∗   at  r   =   r  c , or  n   =   n  ∗  ( r  and  r  c  are the radius and the critical 
1357wileyonlinelibrary.commbH & Co. KGaA, Weinheim



FE
A
TU

R
E 

A
R
TI

C
LE

1358

www.afm-journal.de
www.MaterialsViews.com
radius of the cluster, respectively). A cluster of  n   ∗   molecules is 
a critical nucleus,  r  c  is the radius of curvature of that critical 
nucleus, and  Δ  G   ∗   is the nucleation barrier. 

 The occurrence of a foreign body in the system normally 
reduces the interfacial (or surface) free energy; therefore it will 
also lower the nucleation barrier. Let  Δ  G   ∗   homo  be the homoge-
neous nucleation barrier, and  Δ  G   ∗   heter  be the heterogeneous 
nucleation barrier, an interfacial correlation factor  f  describing 
the lowering of the nucleation barrier due to the action of a for-
eign body can be defi ned:

 f = �G∗
heter

/
�G∗

homo   (9)    

 As shown in Figure  2 b, we assume that nucleation occurs on a for-
eign body with a radius of  R  s . The fl uid phase is denoted by sub-
script  f , the crystalline phase by c and the foreign body by s. If we 
denote the volume by  V  and the surface area of the foreign body 
by  S , then the free energy of forming a cluster of radius  r  on a for-
eign particle of radius  R  s  is given, according to  Equation (8) , by

 �G = − �μVc /� + γcf Scf + (γsf − γsc)Ssc   (10)   

where   γ  ij   is the surface free energy between phases  i  and  j  and 
 Ω  is the volume per structural unit. We have then

 m = (γsf − γsc)/γcf ≈ cosθ, (−1 ≤ m ≤ 1)   (11)    

 To evaluate the critical free energy  Δ  G   ∗   heter , we can substitute 
 Equation (11)  and the expressions of  V  c ,  S  cf  and  S  sc  into (10) 
and require that

 (∂�G/∂r ) = 0  (12)    

 A critical nucleus is a stable nucleus with a maximum curvature 
for a given thermodynamic condition. Given a certain experimental 
condition, the size of the critical nucleus is the same for homoge-
neous and heterogeneous nucleation due to the Gibbs-Thamson 
effect. [  52–55  ]  We have then [  51  ,  53  ,  54  ]  the radius of critical nuclei,

 rc = 2�γcf /� μ   (13)    
 Referring to Figure  2 c and taking

 R = Rs/rc = Rs �μ/� γcf = Rs kT ln(1 + σ )/� γcf
′   (14)   

the free energy of formation of a critical nucleus is given 
according to  Equation (9)  by

 �G∗
heter = �G∗

homo f (m, R′)  (15)   

with

 �G∗
homo =

16 πγ 3
c f �2

3 [kT ln (1 + σ )]2
  (16)   

 

f (m, R′ ) =
1

2
+

1

2

(
1 − mR′

′′
w

)2

+
1

2
R′3

[

2 − 3
(

R m

w

)
+

(
R −

′−

− m

w

)2
]

+
3

2
mR′2

(
R m

w
− 1

)
  (17)   
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
and

 w = [1 + (R′)2− − 2R′m]1/2   (18)    

 Here  R ′ is actually the dimensionless radius of curvature of the 
substrate in reference to the radius of the critical nucleus  r  c . 
Note that the factor  f ( m,R′ ) varies from 1 to 0. Obviously, this 
factor plays an important role in the determination of the het-
erogeneous nucleation barrier  Δ  G   ∗   heter . One can see from  Equa-
tion (9)  that the infl uence of foreign particles on the nucleation 
barrier can be fully characterized by this factor. 

   Figure 3  a shows  f ( m,R′ ) as a function of  R′  for a given  m . 
When  R ′  →  0,  f ( m, R′ )  =  1, implying that the foreign body “van-
ishes” completely as a nucleating substrate. In practice, if for-
eign bodies are too small, e.g., clusters of several molecules, 
nucleation on these substrates will not be stable. Then, they play 
no role in lowering the nucleation barrier. On the other hand, if 
 R ′  >  >  1, the foreign body can be treated as a fl at substrate with 
respect to the critical nuclei. In this case,  f ( m,R′ )  =   f ( m ) is solely 
a function of  m , and  Equation (17)  is then reduced to

 f (m, R′) = f (m) =
1

4
2 − 3m + m3

)
  (19)     

  f ( m ) as a function of  m  is given in Figure  3 b. 

   3.2. Kinetics of Nucleation 

 The nucleation process is visualized as follows: on the substrate 
surface, some molecular processes occur due to transient vis-
iting molecules which adsorb, form short lived unions, break-
up, desorb etc.. An instantaneous census would show some 
distributions of subcritical nuclei (or clusters) with 1,2,3, … . 
molecules per cluster (c.f. Figure  2 a). 

 Experimentally, the “atomic” process has never been observed 
in-situ before till a 2D nucleation process was monitored in the 
system of charged PS spheres driven by the alternating fi eld 
with a fi xed fi eld strength and a frequency (ie. Figure  1 ). [  15  ,  58  ]  A 
typical process of nucleation has been presented in  Figure    4  . On 
the electrode surfaces, the concentration of particles was super-
saturated and the particles started to form the nuclei (Figures  4 a 
& b, where we represented crystal-like particles as blue spheres). 
The nucleus in red circle kept growing whatever its state was 
pre- or post-nucleation; the nucleus in green circle shrank far 
more frequently than they grow (Figures  4 c–e). In Figure  4 f, 
the plots refl ected the evolution of size of two adjacent nuclei 
during the process of pre-nucleation. One nucleus was growing 
larger and larger when its size is larger than the critical size. 
Moreover, the other nucleus was shrinking before reaching the 
critical size. This implies that nucleation is a number of simul-
taneous fl uctuating assembly-disassembly events. A successful 
nucleation process corresponds to one of such events which can 
survive to it reaches the size of critical nuclei. [  54  ]   

 For the formation of 2D nucleation of with  n   ∗   molecules, the 
homogeneous nucleation energy [ Δ  G   ∗   homo ] 2D  and the radius of 
critical size ( r  c ) 2D  are given by Equations  (20 , 21 ), respectively, [  15  ]

  [�G∗
homo]2D = π�(γstep)2/� μ   (20)   
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 1354–1375
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     Figure  3 .     a) Dependence of the interfacial correlation function  f  ( m,R′ ) on 
 m  and  R′  .  b) Measured  f  ( m,R′ ) in ice nucleation. [  55–57  ]  Dependence of the 
interfacial correlation function  f  ( m,R′ )  =   f  ( m ) on  m  at  R′   >  >  10. c) Sche-
matic illustration of the shadow effect of the substrate in heterogonous 
nucleation. The presence of the substrate blocks the collision of growth 
units onto the surface of the nucleus. Reproduced with permission. [  27  ]  
Copyright 2004, Springer.  
 [rc ]2D = �γstep/�μ   (21)   

where   γ   step  is the crystal–liquid interfacial edge free energy. 
 The widely accepted kinetic model of nucleation (within the 

cluster approach) was used fi rst by Farkas [  21  ]  in 1927. It is based 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 1354–1375
on the Szilard scheme of successive “chain reaction” between 
monomer molecules and  n -sized clusters:

 Monomer ⇀↽Dimer . . . ⇀↽ (n −1)mer ⇀↽ n−mer ⇀↽(n + 1)mer . . .   

 (22)    
 A master equation for the concentration  Z  n ( t ) of the 

 n -sized clusters at time  t  is written in the form of a continuity 
equation [  59  ,  60  ] 

 d Zn/dt = Jn−1 − Jn   (23)   

where  J n   is the fl ux through point  n  on the size axis. Thus in 
this formulation  J  is the fl ux through the nucleus size  n   ∗  , i.e., 
 J  ∼  J n ∗   ( t ) ,  so that so that a time dependence is introduced in the 
nucleation rate. 

 The basic problem in the nucleation kinetics is to solve the 
master  Equation (22)  in the unknown cluster size distribution 
 Zn ( t ), since knowing  Zn ( t ) allows the determination of the 
nucleation rate. There exist three physically distinct states of the 
system which are of particular interest: the equilibrium, the sta-
tionary (or steady) and the nonstationary states. In the following, 
we will briefl y discuss the equilibrium and the nonstationary 
states. the concentration will focus more on the steady state. 

   3.2.1. Equilibrium State 

 In equilibrium  d  Z  n /d t   =  0 and  J  n   =  0. Then Z n   =   C  n  is the equi-
librium cluster size distribution. ( C  n  is the equilibrium concen-
tration of  n- sized clusters.) According to the Boltzmann law, 
one can easily obtain:

 (Cn/Z) = (C1/�)nexp(−�Gn/kT )   (24)    

 (for all  n ;  n   =  2,3,4, … ) with the effective total number of “mol-
ecules” per unit volume: 

 Let   κ   n  be the rate of molecule addition. That is,

 kn = βkink Kn  (25)   

where  K  n  is the collision rate of monomers with an  n- sized 
cluster, and   β   kink  the conversion probability. Also let   κ   n ’ be the 
rate at which the cluster lose molecules. Obviously, at the equi-
librium state, one has the detailed balance between the growth 
and disintegration of clusters,

 knCn − k′
n+1Cn+1 = 0   (26)    

 Since  Δ  G  ∗  heter ( Δ  μ ) has a maximum at  n   =   n  ∗   ,  C  n  displays 
a minimum at the critical nucleus size. The increasing, non-
physical branch of  C  n  at  n  >  n ∗   refl ects the fact that the mother 
phase is saturated. 

  3.2.2. Stationary (or Steady) State 

 In the stationary state,  d  Z n  /d t   =  0. Because  J  n   =  constant  =   J  n ∗    =  
 J ,  Z  n    ∼  Z′  n  is the steady-state cluster size distribution. The sta-
tionary nucleation rate for homogeneous nucleation is given by 
the Becker-Doering formula [  51  ]
1359wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  4 .     The snapshots of process of pre-nucleation. a) Time  t   =  10  t  0  ( t  0  is the timing interval of images, 0.3s). b) 20  t  0 . c) 30  t  0 . d) 40  t  0 . e) 50  t  0 . 
f) The evolution of size of two nuclei. The yellow curve represents the increasing size of nucleus in the yellow circle; the red curve represents the 
shrinkage of nucleus in the red circle. (  σ    E    =  2.6  ×  10 4   V/m ,  f  =   600 Hz. [  15  ] ) Reproduced with permission. [  15  ]  Copyright 2004, Nature Publishing Group.  
  J = zK ∗

νm
exp

(
−�G∗

homo

kT

)

  (27)   

with

 z = Z′
n∗/Cn∗ − Z′

n∗+1/Cn∗+1   (28)   
0 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
where  z  is the so-called Zeldovich factor, [  48  ,  59  ]   K  ∗    =  K  n ∗   is the 
frequency of monomer attachment to the critical nucleus,   ν   m  
denotes the average volume of structural units in the ambient 
phase, and  C  n  is the equilibrium concentration of  n -sized clus-
ters given by, [  48  ]
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 1354–1375
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  Cn
∼= C1 exp(−�Gn/kT )   (29)   

  Based on the defi nition of  J  n , one has

 Jn = kn Z′
n   (30)    

 At the steady state,  J′ , that is the formation rate of critical nuclei 
per unit volume-time around a foreign particle, is equal to the 
steady state growth of clusters on the surface of the particle. 
The nucleation rate can then be expressed in terms of

 

J = Jn∗ = Jn = constant

= critical sized nuclei formed / unit volume − time ≡ . . .

= kn Zn − kn +1 Z ′′
n+1 = constant.

′

  
 

(31)    

 Taking into account the effect of the substrate on both the 
nucleation barrier and the transport process, and the fact that 
the average nucleation rate in the fl uid phase depends on the 
density and size of the foreign particles present in the system, 
the nucleation rate is given by [  48  ,  59  ]

  

J = 4πa (Rs )2 No f ′′ (m, R′) [ f (m, R′)]1/ 2

×B exp

[

− 16πγ 3
c f �2

3kT [kT ln (1 + σ )]2
f (m, R′)

]

  (32)   

with

 B = (C1)2 4Dβ kink �
(γc f

kT

)1/2
  (33)   

 f (m, R′) =
1 + (1 − R′m)/w

2
  (34)   

and

 f (m,R′) = f (m) =
1

2
(1 − m) at R′ >> 1   (35)   

where  B  is the kinetic constant and  N  °  denotes the number 
density of the substrates (or “seeds”). The growth of nuclei is 
subject to the effective collision and incorporation of growth 
units into the surfaces of the nuclei (cf. Figure  3 c). In the case 
of homogeneous nucleation, the growth units can be incorpo-
rated into the nuclei from all directions. However, in the case 
of heterogeneous nucleation, the presence of the substrate 
will block the collision path of the growth units to the surfaces 
of these nuclei from the side of the substrate (cf. Figure  3 c). 
This is comparable to the “shadow” of the substrate cast on 
the surface of the nuclei.  f ′′ ( m,R′ ) in the pre-exponential 
factor, which is the ratio between the average effective colli-
sion in the presence of substrates and that of homogeneous 
nucleation (i.e., in the absence of a substrate), describes this 
effect. 

 Both  f ( m,R′ ) and  f ′′ ( m,R′ ) are functions of  m  and  R ′. When 
 R ′ →  0 or  m   →  −1,  f(m,R′), f ′′ ( m,R′ )  =  1. This is equivalent to 
the case of homogeneous nucleation. In the case where  m  → 1 
and  R   >  >  1, one has  f ( m,R′ ) , f ′′ ( m,R′ )  =  0. Normally, hetero-
geneous nucleation occurs in the range between 1 and −1, or 
 f ( m,R′ ) between 0 and 1, depending on the nature of the sub-
strate surface and the supersaturation. 
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 1354–1375
 Note that for homogeneous nucleation, one has  f ′′(m,R′)  =  
f(m,R′)  =   1, and 4  π   a ( R  s ) 2  N  o   →  1. In this case,  Equation (32)  is 
converted to

 J = B exp

[

− 16πγ 3
c f �2

3kT [kT ln (1 + σ )]2

]

  (36)    

 This implies that  Equation (29)  is applicable to both homog-
enous and heterogeneous nucleation. 

 Similar to 3D nucleation, 2D nucleation can also adopt a 
similar form, [  48  ]

  

J2D =

⎧
⎪⎨

⎪⎩

2DsC
2
1

π

[
�ln(1+ σ)

h

]1/2
exp

⎛

⎜
⎝− �

(
γ s t ep

c f

)2
πh

(kT )2 ln(1+ σ)
f2D

(m 2D, R′
2D)

⎞

⎟
⎠

⎫
⎪⎬

⎪⎭

×βkinkδ m2D,R′
2D, Rs, No)(  

         (37)   

with

 
δ m2D, R′

2D, Rs, No
)

=
{

ψ

π
Noπa R′

2D

[
f2D (m2D, R′

2D, )
]1/ 2

}

  
 (38)   

where  D s   denotes the surface diffusivity. In the case of 2D homo-
geneous nucleation, one has  δ ( m  2 D  ,  R  ′  2 D  ,  R  s ,  N  o )  =   f  2 D  ( m  2 D  ,  R  ′  2 D  ),  
Equation (37)  can be simplifi ed as:

 J2D =
2Ds n2

1

π
[� ln(1 + σ )

h
]1/ 2 exp(− π�hγ 2

(kT )2 ln(1 + σ )) β ′
kink

{ }

  (39)    

 Here  n  1  is the number of single particles (monomers),   β   kink  
is the sticking possibility. 

   3.2.3. Non-Stationary (or Non- Steady) State 

 When the nucleation is nonstationary,  dZ  n  /dt   ≠  0 and fl ux  J  n  
is a function of both  n  and  t . The nucleation rate is then time-
dependent and this nonstationary nucleation rate  J  nonst ( t )  =  
 J  n ∗  ( t ). In other word,  J  nonst ( t ) will change with time. 

   3.2.4. Experimental Verifi cation of Nucleation Kinetics Based on 
Colloidal Crystallization 

 Although theoretical analysis on the above states of nucleation 
has been published for long time, experimental verifi cation in 
particular the direct measurement for the distribution of sub-
critical nuclei had never been achieved till recently when the 
controlled 2D colloidal nucleation was carried out. [  15  ]  By meas-
uring the size distribution of subcritical nuclei on the surface 
of fl at electrode, we observed the evolution among the different 
kinetics: non-stationary, stationary and equilibrium state [  48  ]  in 
the process of pre-nucleation.  Figure    5  a presented a typical dis-
tribution at different time. Once applied the driving force, the 
small nuclei formed. Subsequently the cluster size exceeded 
the critical size of nuclei, the nuclei were growing to the crys-
tallites gradually. Figure  5 a refl ected this image of nucleation 
kinetics. Here we defi ned a transient point  n   ∗  ( t ) that where the 
size distribution approached to a steady number of clusters in 
the nucleation (see Figure  5 a inset).  
1361wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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    Figure  5 .     Statistical measurement of parameters of nucleation kinetics. a) The typical size dis-
tribution of subcritical nuclei versus time (  σ    E    =  2.6  ×  10 4   V/m f  =   600 Hz.). b)  n  ∗  ( t ) versus 
time. After the induction time,  n  ∗  ( t ) becomes stable. The critical size can be determined. 
c) The number of nuclei which size is larger than the critical size in different time. We can 
measure the nucleation rate in the unit area according to the slope of linear fi tting of this curve. 
d) The nucleation rate under the different supersaturation (driving force). The straightfi tting line 
is based on  Equation (39) . From  Equation (39) , we also can get the line tension of interface. The 
value of   γ   step  is 0.50  kT /  a  ( a  is the diameter of colloidal particles) which is agreement with the 
measurements. Reproduced with permission. [  15  ]  Copyright 2004, Nature Publishing Group.  
 We can obtain the following results from Figure  5 :

   1. At the beginning of nucleation, the system starts from a non-
stationary states stationary ( t   =  3.2 s) and gradually approaches 
toward the stationary state ( t   >  20 s) in which the distribution of 
nucleating clusters  Z  n  is independent of time. 

  2.  A nucleation event is successful once the distribution of nucle-
ating clusters  Z  n ∗    =  1 in any time. Therefore, the cluster size at 
 Z  n   =  1 can be defi ned as the critical size of nucleation  n  ∗   .   

 3. Before reaching the stationary state, n  ∗   is time-dependent. Only 
after the stationary state, the critical size of nucleus n  ∗   can acquire 
a constant value (Figure  5 b). In other words, it only makes sense 
to discussion the critical size of nucleus at the stationary state.    

 Two dimensional colloidal crystallization enables us to determine 
the critical size of individual nuclei, and verify the nucleation model 
( Equation (39) ) directly. In Figure  5 c, we plotted and the curves and 
determined the average nucleation rate in the unit area of surface 
according to the fi tting slope of curves. Figure  5 d presents the 
nucleation rate density under the different driving force. The linear 
fi tting of the plot of ln( J )  ∼  1/ln(1  +    σ  ) indicates that  Equation (39)  
can be applied to quantify the nucleation kinetics of 2D nucleation. 

    3.3. Initial Stage of Nucleation: Is Classical Nucleation 
Theory Accurate? 

 Although the basic treatments of classic nucleation theo-
ries have been approved to be correct as shown in Sec. 3.2.3, 
62 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, We
some aspects of nucleation remain unclear. 
In the analysis of nucleation kinetics in 3.2, 
the structure of crystal nuclei is supposed 
to be identical to the bulk crystals. Is this 
assumption correct? If not, what are the con-
sequences? In the following, we will discuss 
the interfacial structural evolution during 
nucleation, and the impact of the interfacial 
structure of nucleating clusters on the nucle-
ation energy barrier, in terms of 2D colloidal 
crystallization model system. 

 To quantify the ordering of two dimen-
sional crystal nuclei, a local two-dimen-
sional bond-order parameter is defi ned as 
follows: [  36–39  ]  

ψ6(ri ) = M−1
∣∣
∣
∑

j
e i6θi j

∣∣
∣   (40)   

where  r i   is the center of particle  i , and   θ  ij   is 
the angle subtended between the vector from 
particle  i  to its  j th   nearest neighbor and the 
arbitrarily chosen  x  axis.  M  is the number 
of nearest neighbors of particle  i . The mean 
value of   ψ  6  ( r i  ) for crystalline structures 
obtained from the experiments is 0.8 which 
is taken as the criterion for a crystal-like 
particle. 

   Figure 6  a reveals that at relatively low 
supersaturations, the structure of crystalline 
clusters is a bit fl uid-like and more disordered 
at the beginning, and gradually approaches to 
the ordered structure in the bulk crystalline 
phase as the size close to the critical size of nuclei. The tran-
sition from the initial metastable structure to the fi nal stable 
structure is a continuous process.  

 On the other hand, at high supersaturations (decreasing 
frequency gives rise to the increase of supersaturation), [  61  ]  the 
Figure  6 b shows the structural transition occurring under condi-
tions of  f   =  3000 Hz and  V  pp   =  2.5 V. Different from the behavior 
of  <   ψ   6  >  in Figure  6 a,  <   ψ   6  >  can be as high as 0.8 instantaneously 
even before it reaches its transition size ( ∼ 30) (in Figure  6 b(i)). 
This implies that the nucleus can have a crystalline structure 
even before it becomes stable in structure. Nevertheless, the 
crystalline structure of the precritical nuclei is transient and 
fl uctuated. In Figure  6 b(ii) & (iv), the structure of the nucleus is 
ordered. In the subsequent seconds, as shown in Figure  6 b(iii) 
& (v), it becomes disordered again. Only as the size is beyond 
the critical size  ∼ 30, the crystalline structure becomes stable. 
As the supersaturation is increased further by decreasing fre-
quency,  <   ψ   6  >  remains more or less 0.8 in the whole growth 
process from the beginning, and crystal nuclei are initially cre-
ated with a crystalline structure as suggested by classical nucle-
ation theory. [  43  ]  

 The results in Figure  6  indicate that the initial structure of 
crystal nuclei and the structural evolution of crystal nuclei are 
supersatruation-dependent. At low supersaturations, a metast-
able liquid-like structure is likely to occur fi rst. This is because 
at the nucleation barrier is very high at low supersaturations 
(cf.  Equations (16)  and  (21) ). The occurrence of the metast-
able structure at the nuclei may help to reduce the nucleation 
inheim Adv. Funct. Mater. 2012, 22, 1354–1375
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     Figure  6 .     a) Structural evolution of nuclei under conditions of  V  pp   =  2.5V,  f   =  5000 Hz. (i) Initial structure of nuclei is liquid-like. (ii) As the nucleus 
grows, its core fi rst becomes ordered with the exterior layer remaining liquid-like. (iii) The nuclei become completely ordered after they exceed a critical 
size. (iv)  <   ψ   6  >  is a function of nuclei size  N . Monodisperse colloidal particles (polystyrene spheres of diameter 0.99 mm, polydispersity  < 5%, Bangs 
Laboratories) were dispersed uniformly in deionized water. The colloidal suspension was then sealed between two parallel horizontal conducting glass 
plates coated with indium tin oxide (ITO).The gap between the two glass plates is  H   =  120  ±  5 mm. The dynamic process is recorded by a digital 
camera (CCD) for analysis. AEF  =  alternating electric fi eld. b) Phase diagram of the system when the concentration of Na 2 SO 4  is 2  ×  10  − 4  M.  V  pp   =  peak 
to peak voltage. Due to the nature of 2D crystals,  <   ψ   6  >  for a perfect 2D crystal is 0.8. (b) Transient crystalline structure of nuclei under condition of 
 V  pp   =  2.5V,  f   =  3000 Hz. (i): Fluctuation of order parameter during the growth. (ii), (iii): Due to the structural fl uctuation, nuclei can have a transient 
crystalline structure. (iv), (v) Liquid-like structure displayed by precritical nuclei. Reproduced with permission. [  44  ]   
barrier, [  62  ,  63  ]  therefore, it is kinetically more favorable. In On 
the other hand, the nucleation barrier becomes much lower at 
higher supersaturations (cf.  Equations (16)  and  (21) ), the struc-
tural relaxation of nuclei is not kinetically very favorable. There-
fore, the structure of pre-nucleation clusters can be as ordered 
as that of the bulk crystalline phase. 

 The analyses on the kinetic data [  32  ,  34  ,  43  ]  confi rm that at low 
supersaturations, the evolution of nuclei from a liquid-like struc-
ture to a crystal-like structure will effectively reduce nucleation 
barrier, and facilitate the nucleation dynamics. In other words, 
at low supersaturations, the classical nucleation theories (CNT) 
overestimate the nucleation barrier. At high supersaturations, 
as the nucleation barrier decreases substantially. Adopting the 
structure of the bulk crystals during nucleation needs not to be 
energetically unfavorable. Therefore, the dynamic behavior pre-
dicted by the classical nucleation theories (CNT) becomes valid. 

   3.4. Multi-Step Nucleation/Crystallization 

 The results presented in Section 3.3. demonstrate that at low 
supersaturations, the classical nucleation theories (CNT) may 
overestimate the nucleation barrier. It follows that relaxing the 
interfacial structure of crystalline nuclei can reduce the nuclea-
tion barrier and facilitate the nucleation kinetics. In nature, 
there are some other ways to facilitate the nucleation kinetics. 
It is found that in protein crystallization, [  28  ,  64–66  ]  biomineraliza-
tion, etc., crystallization often occurs via metastable phases. A 
typical stepwise crystallization is the so-called two-step crystal-
lization (TSC). [  67  ]  According to TSC, dense amorphous drop-
lets are fi rst formed from the mother phase; crystalline nuclei 
are then created from the droplets. For instance, during the 
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 1354–1375
formation of calcite in sea urchin larvae, a transient amor-
phous phase is formed fi rst, before the fi nal crystal phase is 
reached. [  68  ,  69  ]  Similarly, a transient amorphous phase is also 
identifi ed during the formation of aragonite controlled by mol-
lusk bivalve larvae. [  70  ]  Recently, the similar process has also 
been observed for the hydroxylapatite (HAP) formation from a 
simulated body fl uid. [  71  ]  It is widely believed that in biological 
systems, the development of crystalline structures characterized 
by well-defi ned shape and size is essentially facilitated by the 
occurrence of transient amorphous phases. [  69–71  ]  In fact, recent 
studies indicated that TSC may be a mechanism underlying 
most crystallization occurring in typical atomic systems. [  62  ,  72  ,  73  ]  

 TSC has attracted much attention in the past decade due 
to its importance in both scientifi c and technological point of 
view. However, the understanding of TSC remain to be insuf-
fi cient. A key challenge is that the kinetics creating the initial 
crystalline nuclei from the dense droplets is unclear and thus it 
is no way to predict the overall nucleation rate  J  c  of crystals. In 
this section, we will recap the multi-step crystallization (MSC) 
in the colloidal model system. The kinetics of MSC is discussed 
and a mathematical method is developed to address the local 
nucleation rate  J c   of crystal in the droplets. 

 A typical process of MSC, observed under conditions of 
 V  pp   =  2.0 V and  f   =  800 Hz, is presented in  Figure    7  . Colloidal 
particles in the initial mother solution are uniformly distributed 
in the solution (i.e., Figure  7 a).  

 When an AEF is applied to the system, colloidal particles 
are transported onto the glass surface where they fi rst form 
dense droplets (Figure  7 b). Subsequently, a few sub crystal 
nuclei are created from the droplets as illustrated by Figure  7 c. 
These subnuclei are not stable and will dissolve soon after 
they are created. Experimentally, it is found that the crystalline 
1363wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  7 .     Multi-step crystallization observed at 800 Hz and 2.0 V: a) Ini-
tial dilute liquid phase. b) Amorphous dense droplets are fi rst created 
from the mother phase. c) A few sub crystal nuclei are created from the 
amorphous phase. d) A stable crystal is formed from the dense droplets. 
Colloidal suspension is sealed between two pieces of ITO-coated con-
ducting glass plates separated by insulating spacers. The gap between 
the two glass plates is  H   =  120  ±  5  μ  m . The dynamic process is recorded 
by a digital camera for analysis. b) Phase diagram of the colloidal suspen-
sion. Monodisperse colloidal particles (polystyrene spheres of diameter 
0.99  μ m, polydispersity   <   5%, Bangs Laboratories) are dispersed uni-
formly in deionized water. In the case, the volume fraction 0.03% of col-
loidal solid is chosen and the surface potential of the colloidal spheres 
is adjusted to –72 mv by Na 2 SO 4  (10  − 4   M ). The pH of the suspension is 
measured at 6.35. Monodisperse colloidal particles are dispersed uni-
formly in deionized water. Reproduced with permission. [  38  ]  Copyright 
2003, American Chemical Society.  
nuclei in the droplets have to acquire a critical size  N   ∗   cry  before 
they can grow stably in the droplets as shown in Figure  7 d. 
In the experiments, every droplet can produce only one stable 
crystal. Moreover, to form a stable crystal beyond  N   ∗   cry  ,  the 
droplets have to fi rst acquire a critical size  N  ∗   . It is found that 
although at an early stage, many small dense droplets are cre-
ated, only three or four out of twenty droplets can reach the crit-
ical size  N  ∗    and develop successfully into a stable crystal. This 
is consistent with previous observations in protein crystalliza-
tion. [  74  ,  75  ]  However, it is contradicting with the assumption by 
Kashchiev et al. [  76  ]  A detailed analysis on the overall nucleation 
rate  J  c  of MSC., determined by the local rate J   c  in the individual 
dense droplets is given in the literature. [  52  ]  

 In general, the multistep crystallization (MSC) in a colloidal 
model system indicates that amorphous dense droplets are fi rst 
nucleated from the mother phase. Subsequently, a few unstable 
subcrystalline nuclei can be created simultaneously by fl uc-
tuation from the tiny dense droplets, which is different from 
previous theoretical predictions. Notice that it is necessary for 
these crystalline nuclei to reach a critical size  N  cry  to become 
stable. However, in contrast to subcrystalline nuclei, a stable 
64 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
mature crystalline nucleus is not created by fl uctuation but by 
coalescence of subcrystalline nuclei, which is unexpected. To 
accommodate a mature crystalline nucleus larger than the crit-
ical size  N cry  , the dense droplets have to fi rst acquire a critical 
size  N ∗  . This implies that only a fraction of amorphous dense 
droplets can serve as a precursor of crystal nucleation. As an 
outcome, the overall nucleation rate of the crystalline phase is, 
to a large extent, determined by the nucleation rate of crystals 
in the dense droplets, which is much lower than the previous 
theoretical expectation. The calculations indicate that the multi 
step crystallization is indeed kinetically more favorable than 
one step crystallization under the given conditions. [  39  ]  

   3.5. Surface Kinetics of Crystallization 

 Crystallization takes place at the interfacial region between the 
crystalline region and the fl uid phase, the interfacial kinetics 
plays an essential role in controlling nucleation, crystal growth, 
and related phenomena, ie. surface roughening, growth mor-
phology, polymorphism, etc. [  15  ,  75–78  ]  The electrically controlled 
colloidal crystallization will obviously provide a unique approach 
to model and “reveal” the processes at the interfacial layer. 

  3.5.1. Step Kinetics of Crystal Surface 

 Crystal surfaces, where the steps and kinks occur, can be 
treated as 2D crystals. 2D colloidal crystals can then be adopted 
to model the top layers of crystal surfaces. In  Figure    8  a, the 
colloidal lines can be introduced as the pre existing steps to 
examine step kinetics. A colloidal line composed of 1.8  μ m PS 
particles was pre-deposited on the bottom ITO electrode using 
a controlled dewetting lithography method as a template to 
match the size of the crystallizing colloidal particles. [  40–42  ]   

 In the classical treatment of nucleation and growth, 
researchers normally simplify the growth units as monomers. 
Then the questions arise: will the growth units be clusters (or 
 n- mers), and if yes, how the incorporating clusters fi t to the 
structure of the crystals? Would they remain as defects, i.e., 
inclusions? To address these questions, the evolution of 2D col-
loidal crystal growth at the colloidal lines as templates (Figure  8 ) 
was monitored. At the very initial stage, the colloidal particles 
were randomly dispersed in the cell (0s), upon the application 
of the AEF of frequency  f   =  800 Hz and fi eld strength   σ    E    =  
4.0  ×  10 4  V/m, the free-dispersed colloidal particles in the bulk 
fl uid phase were transported to the electrode surface and accu-
mulated near the colloidal lines directed by the electric-fi eld-
induced attractions. [  40–42  ]  A rapid increase of superpersaturation 
generates a large number of colloidal particles clusters in the 
front of the step (Figure  8 b,  t   =  2.6 s). Subsequently, the clusters 
can grow further in the bulk fl uid phase, as shown in Figure  8 b 
( t   =  15.6 s), then were transported toward the growing front 
at the template. During the incorporation process, the down-
ward funneling (DF) effect [  42  ,  43  ]  was observed: particles depos-
ited beyond an island edge would funnel down to the lowest 
positions in the vicinity of the deposition site. The evolution of 
two typical incorporated clusters is highlighted by the red and 
yellow particles in Figure  8 b, respectively. Although these clus-
ters were randomly oriented in the bulk fl uid phase ( t   =  15.6 s, 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 1354–1375
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     Figure  8 .     a) Schematic illustration of the epitaxial assembly of 2D col-
loidal crystals under an AEF. [  39  –    42  ]  b) High-resolution time snapshots of 
the epitaxial crystallization of 1.8  μ m colloidal particles using a 1.8  μ m 
colloidal particle line as a template, under the AEF of frequency  f   =  800 Hz 
and fi eld strength   σ    E    =  4.0  ×  10 4  V/ m. The bright dots correspond to the 
well-focused spheres that are assembled on the bottom electrode. The 
dark dots correspond to the ill-focused spheres, which are suspended in 
the bulk solution. c) The evolution of a mis-orientated grain in a colloidal 
crystal composed of 1.8  μ m colloidal particles and a 3.0  μ m artifi cial linear 
defect, during a controllable annealing process by tuning the frequency 
from 1000 to 600 Hz. The aqueous suspension of the 1.8  μ m polystyrene 
(PS) particles was sandwiched and sealed in a glass cell composed of two 
pieces of conductive indium tin oxide (ITO) electrodes. Reproduced with 
permission. [  42  ]  Copyright 2009, American Chemical Society.  
and  t   =  24.8 s), they would rearrange themselves to fi nd their 
optimal positions and orientations when they deposited on the 
islands, forming a single colloidal crystal with a well-defi ned 
orientation with respect to the colloid line. Obviously, this 
self orientation process of incoporating clusters maintains the 
growing crystals in a high degree of ordering and perfection. 
Of course, if the incoming fl ux of grow units is too rapid, i.e., 
at high supersaturations, and the clusters are buried into the 
crystals before the re- orientation takes place, the defects can 
then be introduced. 

 Further experimental observations show that the degree of 
perfection of the colloidal crystals changes with the frequency 
of the AEF. The high-quality oriented single colloidal crystals 
were obtained in the low-frequency range (400–800 Hz, the low 
driving force regime). When the frequency increased to the high 
range (1000–2000 Hz, the high driving force regime), the ori-
entation order parameter gradually decreased, and the vacancy 
concentration increased. This may also result in the supersat-
uration-driven interfacial structure mismatch nucleation, [  79  ]  
which will be highlighted in the following section. 

 It is commonly known that the post treatment of crystalli-
zation will help anneal defects, and improve the perfection of 
crystals. To examine this process, a well-defi ned linear defect 
was introduced inside a 2D colloidal crystal. Figure  8 c shows a 
1.8  μ m colloidal crystal embedded with a 3.0  μ m linear defect 
(formed under the AEF of frequency f  =  1000 Hz and fi eld 
strength   σ    E     =   4.0  ×  10 4  V/m) and its time evolution by tuning 
the frequency from 1000 to 600 Hz. As can be observed, there 
existed a mis-orientated domain near the colloidal line template 
due to lattice-mismatch-induced disordering. Since the particle 
interactions can be precisely modulated by tuning the frequency 
of the AEF, these unwanted defects can be further eliminated 
through electrically induced annealing in the frequency range 
where the interlayer transport of colloidal particles is active. As 
can be seen in Figure  8 c, when the frequency was tuned from 
1000 to 600 Hz, the exiting grain boundary moved away from 
the template, gradually shrunk with time, and then disappeared 
without generating new ones. Finally, a highly ordered, single 
colloidal crystal with a well-defi ned domain will be obtained. 
This effect can be regarded as self perfection. 

 We notice that this epitaxial templating approach enables 
unprecedented control over the defects inside the 2D colloidal 
crystals and large-area electrically reversible patterning of 2D 
colloidal crystals, thus expanding the potential for a wide range 
of practical applications, such as electrically tunable photonic 
waveguides and e-papers. 

   3.5.2. Templating and Supersaturation-Driven Interfacial Structure 
Mismatch Nucleation 

 We have demonstrated a reliable and rapid epitaxial templating 
approach for the controllable crystallization of large area 2D col-
loidal crystals with well-defi ned orientations, artifi cial defects, and 
patterns. We have also showed that pre-defi ned 1D colloidal lines or 
lithographically templated electrodes can be utilized to site specifi -
cally initiate the 2D colloidal nucleation and control the crystal ori-
entation, wherein controlling an external alternating electric fi eld 
(AEF) (thermodynamic driving force) allows us to precisely and 
conveniently manipulate the kinetic process of the crystal growth. 
1365wileyonlinelibrary.combH & Co. KGaA, Weinheim
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 Notice that the occurrence of substrates will, on one hand, 
lower the nucleation barrier thus leading to an increase in the 
nucleation rate, but on the other hand it will exert a negative 
impact on the surface integration. Nucleation on a substrate 
will reduce the effective collisions of structural units to the sur-
face of clusters (the so-called shadow effect, cf. Figure  3 c). This 
will slow the nucleation kinetics, in contrast to the nucleation 
barrier lowering effect. 

 These two contradictory effects play different roles in dif-
ferent regimes. At low supersaturations, the nucleation barrier 
is very high (cf.  Equations (15)  and  (16) ). The nucleation rate 
will be substantially enhanced if the nucleation barrier is sup-
pressed effectively ( f ( m ) → 0). Therefore, heterogeneous nuclea-
tion with a strong interaction and optimal structural match 
between the substrate and the nucleating phase will be kineti-
cally favored. In this case, the nucleation of crystalline mate-
rials will be best templated by substrates capable of providing 
the excellent structural correlation with the crystalline phase. 
The structural synergy between the nucleating phase and the 
substrate will be optimal under this condition. 

 At higher supersaturations, the exponential term associated 
with the nucleation barrier becomes less important. Instead,  the 
shadow effect  of the substrate, described by the pre-exponential 
factors  f ( m ) and  f ′ ( m ) in the pre exponential term of,  Equation 
(32)  dominates the kinetics more strongly (cf. Figure  3 c). Nucle-
ation on the substrates having larger  f ( m ) and  f ′′ ( m ) (or  m   →  
0, −1) will have a higher degree of orientational freedom (or a 
larger entropy). This will reduce the shadow effect of the sub-
strate, and therefore it will become kinetically more favorable. 
This implies that the epitaxial template relationship between 
substrate and the nucleating phase cannot be maintained even 
for the substrates having an excellent structural match with 
crystalline materials, if the supersaturation is too high. 

 If   σ   progressively increases from low supersaturations to high 
supersaturations, nucleation will be governed by a sequence of 
progressive heterogeneous processes associated with increasing 
 f ( m ). In analogy with the above analysis, we should obtain a set 
of pairwise intercecting straight lines if ln t  s  is plotted against 
1/[ln(1  +    σ  )] 2  ( t s  : induction time; cf.  Figures    9  a and b). Since 
for the crystalline phase,  m  and  f ( m ) take on only those values 
which correspond to some crystallographically preferential ori-
entations,  f ( m ) or the slope of the straight lines will take on 
discrete values, and  f ( m ) will increase as   σ   increases. A typical 
example is given in Figure  9 , where the measured induction 
time is shown as a function of supersaturation for CaCO 3  
nucleating from aqueous solutions. [  53  ]   

 As shown in Figure  9 a and b, the interfacial correlation 
factor  f ( m,R′ ) subsequently increases from 3.9/ ρ  to 12.5/ ρ , as 
supersaturation increases from 1.5 to 5. This result unambigu-
ously confi rms that the increase of supersaturation will drive 
the substrates/biominerals from an interfacial structural match 
state (a lower  f ( m )) to an interfacial structure mismatch state (a 
higher  f ( m )). This is referred to the  supersaturation-driven inter-
facial structural mismatch . [  79  ,  80  ]  As mentioned above, the abrupt 
changes from one state to the other at certain supersatura-
tions (such as A, B,  …  in Figure  9 ) are due to the anisotropy of 
the crystalline phase. The templating and the supersaturation 
driven interfacial structure mismatch nucleation (or anti-tem-
plating) are the two contradictory effects. 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
 Recently, the effect of supersaturation-driven interfacial 
structural mismatch nucleation has been found to play a very 
important part in the pattern formation, crystallite network 
formation, supramolecules soft materials formation. [  27  ,  48  –    50  ]  
Although the discussion based on the theoretical analysis and 
nucleation experiments has been given, a direct experimental 
verifi cation on the templating and the supersaturation driven 
interfacial structural mismatch has not been acquired yet. In 
this regard, the epitaxial assembly method based on the crys-
tallization of 2D colloidal crystals under an alternating electric 
fi eld (AEF) is applicable to investigate this matter (Figure  9 d). 

 To examine the ordering of the colloidal crystals at the tem-
plate, the orientational order parameter  S   =  ½  < 3 cos 2    θ    −  1 >  [  80  ]  
is applied to characterize the uniaxial ordering of the colloidal 
assembly.   θ   is the misfi t angle of the crystal domain with respect 
to the epitaxial colloidal line, as shown in the right inset in 
Figure  9 e. The brackets denote an average over all of the particles 
in the assembly. When colloidal particles are perfectly oriented 
parallel to the epitaxial template, we have  S   =  1. Figure  9 e shows 
the frequency dependence of the orientational order parameter 
of the colloidal crystals. The perfectly oriented single colloidal 
crystals are obtained in the low frequency range (400–800 Hz, 
low driving force regime). When the frequency increases to 
the high frequency range (1000–2000 Hz, high driving force 
regime), the degree of perfection gradually decreases. [  31  ,  33  ,  35  ,  37  ]  
For 1.8  μ m PS particles, the interparticle separation  r  eq  among 
the assembly decreases with increasing frequency from 400 
to 1000 Hz, and then reaches its minimum in the frequency 
range of 1000–2000 Hz, as shown in Figure  9 e. This suggests 
that the attractive forces among the particles become more 
dominant with increasing frequency, and are much stronger 
than the repulsive ones in the frequency range of 1000–2000 
Hz. In the high frequency range, the homogenous nuclei are 
very tightly assembled. Hence, the conformations and orienta-
tions of the homogenous nuclei are diffi cult to be rearranged by 
the attractions from the template when they approach the tem-
plate. Therefore, the degree of perfection of the colloidal crys-
tals decreases in the frequency range of 1000–2000 Hz. On the 
other hand, the nucleation rate, in the bulk fl uid phase is large 
because of the increased attractive forces in the high frequency 
range (Figure  9 e). Due to the increase in the homogenous nucle-
ation rate, the entropy effect and the transport will result in a 
certain degree of randomness. [  80  ]  This will lead to a reduction of 
interfacial correlation between the template and the incoming 
growth units, thus, a decrease in the degree of perfection of the 
colloidal crystals and the mismatch with the template, which can 
be considered as the verifi cation of the supersaturation-driven 
interfacial structural mismatch effect. 

 Recently, the effect of supersaturation-driven interfacial 
structural mismatch has been found to play a very important 
part in the pattern formation, crystallite network formation, 
supramolecules soft materials formation. [  27  ,  48  –  50  ]  

   3.5.3. Surface Roughening and Step Kinetics 

 The roughening transition is a type of phase transition which 
takes place on the crystal surface at the roughening tempera-
ture  T  r : This phase transition can be generally characterized 
by the step free energy (per structural unit)   γ kT . Below the 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 1354–1375
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     Figure  9 .     a) The plot of ln  t s   vs 1/[ln(1  +    σ  )] 2  for CaCO 3  (calcite) nucleation. Within the range of supersaturations where experiments were carried out, 
three straight lines with different slopes intercept one another, dividing the space into three regimes. b) Supersaturation driven interfacial structural 
mismatch: with the increase of the supersaturation, the interfacial correlation factor  f(m)  will increase abruptly at a certain supersaturation, such as A, 
B, … , corresponding to the transition from an ordered and structurally matched to a less ordered and structurally mismatched biomineral/substrate 
interface. c) Supersaturation-driven interfacial structure mismatch nucleation: The structural match between the daughter crystals and the parent crystal 
will become poor as supersaturation increases. d) and e): Colloidal crystallization modeling of supersaturation-driven interfacial structure mismatch 
nucleation: d) Frequency dependence of the orientational order parameter  S  under an AEF. Also shown are the optical images of a perfectly oriented col-
loidal crystal (left inset,  S   =  1) and a roughly oriented colloidal crystal (right inset,  S   =  0.83), assembled at 800 Hz and 2000 Hz for 10 min, respectively. 
e) Variation of  r  eq /2  a  and nucleation rate in the bulk fl uid phase with frequency for 1.8  μ m PS particles. Panels (a,b) reproduced with permission. [  79  ]  
Copyright 2003, American Chemical Society. Panels (d,e) reproduced with permission. [  41  ]  Copyright 2008, American Institute of Physics.  
roughening transition temperature  T  r , due to the existence of 
  γ kT  (or two-dimensional nucleation barrier), the crystal surface 
will keep its overall fl atness corresponding to the orientation 
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 1354–1375
( hkl ). [  54  ]  When the growth of a crystal surface occurs under its 
roughening temperature, there will be a non-zero free energy, 
the so-called step free energy associated with the creation of a 
1367wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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step of unit length at the surface. [  81  ]  Such a crystal face has the 
atomically smooth surface. Due to the step free energy, the cre-
ation of a new layer on the existing layer of the crystal surface 
requires overcoming a free energy barrier, so-called two-dimen-
sional nucleation barrier. Normally, the growth of crystals will 
be governed by the dislocation-related growth mechanism (ie. 
the screw dislocation mechanism. [  54  ]  If the crystals are free of 
dislocations, their growth will be governed by the mechanism 
of 2D nucleation [  81a    ,b,c]  and the growth rate  R  g  is largely deter-
mined by the 2D nucleation rate. Above  T  r  ,  the step free energy 
vanishes and steps or kinks exist on the surface permanently 
even without screw dislocations. It follows that the surface will 
become rough microscopically and its crystallographic orienta-
tion is lost. 

 The roughening transition has been investigated in great 
deal by computer simulations, [  54  ,  81a    ,d]  based on the so-called 
solid-on-solid (SOS) interfacial model. [  54  ,  81a  ]  This model is a 
generalization of the Ising model, where the crystal surface is 
considered as a collection of interacting columns. The Hamilto-
nian of this model system can be taken as

 H = γE

∑

〈i j 〉

∣∣hi − h j

∣∣2
  (41)    

 (Here   γ   E  is the step energy per unit length, and the column 
heights,  h  i , are restricted to integer values.) This most simple 
model is well understood since the relationship with the planar 
XY model has been established. [  54  ,  81d    ,e]  It follows that the rough-
ening transition described in this model is of the Kosterlitz-
Thouless (KT) type [  81d    ,e]  (or a phase transition of infi nite order), 
which is characterized by the step free energy  γ  which vanishes 
continuously:

 γ ∼ exp
[−α (T − Tr )−1/2] as T → Tr (T<Tr )  (42)    

 It was found experimentally that the roughening transition 
can be of infi nite order or fi rst order. [  54  ,  81  ]  Although the com-
puter simulations have acquired the images at the single par-
ticle scale, we have never acquired any experimental results 
concerning the process at the single particle level before. In 
addition, previously the theoretical analyses and computer 
simulations only predict that the roughening transition at the 
two layer solid-fl uid interface can only be a second order phase 
transition. 

 In this regard, a two-dimensional assembly of charged col-
loidal particles induced by an alternating electric fi eld in real 
space was adopted to model the roughening transition at the 
crystal surface. This is a typical example of the two layer solid-
fl uid interface. [  36  ]  To examine the roughening transition at the 
single particle scale, a two-dimensional assembly of charged 
colloidal particles induced by an alternating electric fi eld was 
studied in real space by means of digital video microscopy. In 
such a system, the 2D colloidal crystals can be regarded as the 
top layer of “atoms” or “molecules” on the crystal surfaces. It 
follows that phase transitions occur from a highly ordered col-
loidal monolayer to an isotropic suspension by changing the 
fi eld strength or frequency (in the appropriate range). [  36  ]  In 
particular, it is found that the strength-dependent phase tran-
sition is an infi nite-order phase transition, in contrast to the 
frequency-dependent phase transition, which is a second-order 
8 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
phase transition. [  36  ]  It should be pointed out that the fact that 
both the infi nite-order and the second order surface rough-
ening transition at the two layer solid-fl uid interface has never 
been recognized before either from theoretical analyses and 
computer simulations. 

 Apart from the surface roughening, the electrically controlled 
2D colloidal crystallization can be applied to the many impor-
tant processes, i.e., step, and defect formation and migration 
kinetics. [  24  ,  26  ,  32  ,  38  ,  39  ]  

     4. Fabrication of Photonic Crystals based 
on Colloidal Crystals 

 Apart from the advancing of our knowledge in crystallization, 
colloidal crystallization has a wide range of applications in 
different areas. Among these, fabricating photonic crystals is 
one of the most important applications. The periodic modu-
lation of the refractive index in a dielectric material creates 
a forbidden gap in the photonic band structure which is not 
allowed the existence of optical modes within a specifi c range 
of frequencies. Such photonic band-gap materials, known as 
photonic crystals, are attractive optical materials for control-
ling and manipulating light. In the last decades, a number 
of methods have been developed to fabricate photonic crys-
tals at various length scales, including layer-by-layer stacking 
techniques using microfabrication tools, [  82–84  ]  electrochemical 
etching, [  85  ,  86  ]  laser-beam-scanning chemical vapor deposi-
tion, [  87  ]  and holographic lithography. [  88  ,  89  ]  Colloidal crystal, the 
periodic modulation of the dielectric constant is realized by 
self-assembling monodisperse colloidal objects such as silica 
(SiO 2 ) or polystyrene (PS) microspheres into ordered arrays, 
turns out to be an effective approach to photonic crystal prepa-
ration. [  90–93  ]  The resulting photonic properties are determined 
by the symmetry and lattice constant of the crystal and the 
refractive index contrast between the colloids and the sur-
rounding medium. The sizes of colloids are typically in the 
range of 100 nm to several  μ m. The self-assembly and fabri-
cation of two- or three-dimensional (2D/3D) colloidal crystals 
have attracted broad interest because their wide applications 
in photonic crystals, [  4  ,  94–96  ]  chemical and biochemical sen-
sors, [  97  ,  98  ]  optoelectronic devices [  99  ,  100  ]  and templates for col-
loidal nanolithography. [  101  ]  

  4.1. Fabrication of 2D Colloidal Crystals and Templating 

 The commonly used methods to fabricate self-assembled mon-
odispersed colloidal particles into ordered 2D arrays are based 
on the lateral capillary interaction, which originates from the 
deformation of the liquid surface. [  102–105  ]  The colloidal particles 
are typically assembled at the air–liquid interface or in a thin 
liquid layer supported on a fl at, clean and chemically homo-
geneous solid substrate in terms of the surface pressure and 
convection. [  106–111  ]  Another method to create 2D arrays is elec-
trophoretic deposition, which applies a strong electric fi eld to 
assemble colloidal dispersions confi ned between two parallel 
solid electrodes as outlined above. [  35–45  ]  
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 1354–1375
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 To achieve practical applications, two major obstacles need 
to be overcome in fabricating 2D colloidal crystal. Firstly, many 
applications for colloidal crystals require samples which are 
free from defects over large length scales. However, most self-
assembly systems suffer from disorders resulting from homo-
geneous nucleation and uncontrollable crystal growth. Secondly, 
the introduction of well-defi ned artifi cial defects within col-
loidal crystals is another prerequisite for some practical applica-
tions. [  112  ]  Linear defects, for instance, could be used as photonic 
waveguides and point defects as microcavities. [  99  ]  However, 
this cannot be achieved through conventional self-assembly 
methods alone, as the intentionally added defects will substan-
tially frustrate the crystal growth and locally induce disordering 
in colloidal crystals. [  113  ]  Experimentally, a key challenging of 
controlling colloidal crystals is lack of reliable methods to con-
trol colloidal crystallization of large and perfect single crystals 
with predefi ned orientations, artifi cial defects, and patterns 
over fast time scales. Obviously, the electrically controlled 2D 
colloidal crystallization is one of the most promising technolo-
gies to acquire large and perfect 2D crystals based on the prin-
ciples outlined in Section 3.5.1. 

   4.2. Fabrication of 3D Photonic Crystals 

 The technologies adopted to fabricate the 2D colloidal crys-
tals can be extended to fabricate 3D colloidal crystals with 
some modifi cations. Several other methods have also been 
widely employed to assemble highly ordered 3D crystals with 
large domain size, including sedimentation, repulsive electro-
static interactions, and physical confi nement. Among these, 
sedimentation in a gravitational fi eld seems to be the simplest 
     Figure  10 .     Biomimicking of structural colors on silk fabrics. a) The structure colors of butterfl y 
( Papilio Ulyssess  butterfl y) and peacock feather. b) Fabrication of opal and inverse opal on silk 
fabrics. [  143  ]  c) Structurally colored silk fabrics.  
approach for building 3D colloidal crys-
tals. [  114  ]  A number of parameters must be 
carefully controlled to grow colloidal crystals 
of high quality. These parameters include the 
size, uniformity, and density of the colloids, 
as well as the rate of sedimentation. The 
main disadvantages of this method are the 
poor control over the structure and the thick-
ness of the crystalline arrays, the long prepa-
ration time, and the polycrystalline nature of 
the products. Highly charged colloids parti-
cles suspended in a solution can spontane-
ously self-organize into ordered structures, 
driven by the minimization of electrostatic 
repulsive interactions. [  115–119  ]  The colloidal 
crystals prepared using this method are typi-
cally non-close-packed, because the repulsive 
electrostatic interactions keep the particles 
away from each other. This method has very 
strict requirements regarding the experi-
mental conditions such as the surface charge 
density, the colloidal concentration, and the 
ionic strength. By leaving the colloidal sus-
pension to a physical confi nement, it would 
self-assemble into long-range-ordered crystal-
line structures. [  120–122  ]  Colloidal crystals with 
domain sizes of square centimeters could 
© 2012 WILEY-VCH Verlag GmAdv. Funct. Mater. 2012, 22, 1354–1375
be fabricated by using a specially designed packing cell. [  123–125  ]  
This method is relatively fast, and it also provides tight control 
over the structures and the thickness of the 3D colloidal crys-
tals. In Section 5.1, we will discuss the applications of 2D/3D 
colloidal crystals in structural color mimicking. 

    5. Mimicking of Structural Color 

 Structural color, caused by the interaction of light with the nano-
scale periodic structures of certain materials, [  126  ]  has attracted 
extensive attentions for decades due to its wide applications 
in photonic crystals, cosmetics, and display technology. [  127  ,  128  ]  
In nature, the colorful feathers of many birds (ie. peacock), 
the wings of various butterfl ies and the shells of beetle are 
the excellent examples of structural colors. [  129–133  ]  It follows 
that the two dimensional photonic-crystals in the cortex of dif-
ferent colored barbules, are responsible for the coloration 
of peacock feather, [  131  ,  132  ]  while the multi-layer structures of 
wing scales produce the structural coloration of some breeds of 
butterfl ies. [  133  ]  Compared with other coloring schemes, struc-
tural color is longer lasting, brighter and more deeply saturated. 

  5.1. Mimicking Structural Color Using Colloidal Crystals 

 During the last two decades, much effort has been devoted 
to mimicking natural structural color. However, to obtain the 
dedicated structures with the structural color as seen in animal 
kingdom ( Figure    10  a) remains to be a big challenge. One way to 
acquire structural color was to adopt the nature structural color 
materials as templates to replicate the nanostructures so as to 
1369wileyonlinelibrary.combH & Co. KGaA, Weinheim
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obtain the optical properties. Wang et al. examined the fi ne 
structure of the wing scale of a  Morpho Peleides  butterfl y and 
replicated the entire confi guration by a uniform Al 2 O 3  coating 
through a low-temperature atomic layer deposition (ALD) 
process. [  134  ]  An inverted structure was achieved by removing 
the butterfl y wing template at high temperature, forming a 
polycrystalline Al 2 O 3  shell structure with precisely controlled 
thickness. Other than the copy of the morphology of the struc-
ture, the optical property, such as the existence of PBG, was also 
inherited by the alumina replica. Other replicating methods 
have also been employed to replicate the structures of natural 
photonic materials, including conformal-evaporated-fi lm-by-
rotation technique, soft lithography technique, etc. [  135  ,  136  ]   

 3D colloidal crystals with a photonic band gap (PBG) lying 
in the visible range are another option for mimicking natural 
structural color. [  137–143  ]  Inspired by natural photonic crystals 
(Figure  10 ), researchers have fabricated colloidal crystals with 
tunable structural colors. [  137–143  ]  One of the most commonly 
used techniques to fabricate colloidal crystals is the evaporation-
induced self assemble method, which enables the rapid pro-
duction of highly ordered 3D colloidal crystals with face-center 
cubic structure. In connection with this technology, the wet-
tability can be adjusted by the intrinsic roughness of colloidal 
crystals in combination with the tunable chemical composition 
of latex surfaces while the band gaps can be tuned by changing 
the size of the colloidal spheres. 

 To create structural colors on fabrics is a challenging task, but 
remains to be extremely important in practice. As color fading 
caused by leaching or oxidation/bleaching is a key problem in 
fabric care, producing with vivid and durable structural colors on 
fabrics by fabricating the 3D colloidal crystals onto the surface of 
fabrics will revolutionize textile and fashion industries. [  143  ]  If the 
physical structure of photonic crystals on the fabrics are strong 
enough, the colors will last forever. Recently, a combined surface 
treatment technology [  143  ]  allows us to create opal and/or inverse 
opal structures on silk fabrics (cf Figure  10 ). In producing struc-
tural colors on silk fabrics, polystyrene spheres with different 
diameters were assembled on the surface of silk fabrics. Silk 
fi broin was dispersed on the colloidal crystals as binding mate-
rials (Figure  10 b). Thus, silk fabrics with different refl ection peaks 
ranging from Ultraviolet to Near-Infrared can be obtained. It fol-
lows that the colors (the refl ected wave lengths) can be created by 
tuning the lattice constant of the inverse opal,  a,  according to   λ    =  
 va  ( v : a function of the refractive index of the material). [  137–143  ]  

 Moreover, by controlling the band gaps of the photonic crys-
tals, multi functional silk fabrics may also be invented. For 
instance, we can acquire the UV protective clothing by creating 
photonic crystals or inverse capable of refl ecting UV light. 
Similarly, the thermal insulating performance due to a refl ec-
tion peak in the IR range will create cooling textiles in a hot 
summer. On the other hand, it will preserve to some extent our 
body heat in a cold winter if the IR refl ecting structure is gener-
ated in the inner layer of textiles. 

   5.2. Structural Color Mixing 

 Although great accomplishment has been made, the structural 
color produced by the animal kingdom are much richer and 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag 
more effective than what we can produce so far. Furthermore, 
it is especially diffi cult to mimic some unique optical properties 
of natural structural color, such as polarization, colors mixing 
etc. In the following, we will describe the structural color 
mixing and polarization effect produced by  Papilio  butterfl y and 
a method utilizing a combined colloidal crystal and deposition 
technique to mimic these effects. 

 Apart from the iridescent visibility, naturl structural color 
produced by some animals also gives rise to additional unique 
optical properties and benefi ts. For instance, the brown 
barbules in male peacock tail feathers adopt mixed structural 
coloration. [  132  ]  Some breeds of  Papilio  butterfl ies reveal double 
refl ection effect. [  145  ,  146  ]   

 The colors mixing mentioned above can be created by in 
different manners in nature. [  151  ]   Figure    11  a depicts the double 
refl ection and iridescent visibility created by the blue wing 
scales of  Papilio Ullysess.  The surface of its wings is com-
posed of millions of scales. The scales of  P.Ulysess  are of a size 
around 150  μ m  ×  90  μ m, and consist of a fairly regular array 
of concavities.  P.Ulysess  exhibits a blue color under sunlight 
(Figure  11 a(i)). When illuminated and observed at normal 
incident light, the concavities in  P.Ulysess  appear to be green 
(Figure  11 a(ii)). However, upon crossing an input linear polarizer 
with an exit analyzer, the green refl ected light in  P.Ulysess  almost 
disappear while the deep purple (near-UV) color refl ected by 
ridges in  P.Ulysess  refl ect back (Figure  11 a(iii) & (iv)). This 
implies that the purple refl ected light is not altered by the polar-
izers. By further characterization of the microstructures of the 
wing scales, it was found that the profi le of the concavities was 
almost fl at, the ridges run through the full length of the scales 
with a periodicity of 4-5  μ m (Figure  11 a(iv)). The confi guration 
of the ridges is a 2D array of 70 nm  ×  100 nm rectangular air 
squares surrounded by organic cuticle layers (the main and sub-
ribs) with a periodicity of  ∼ 140 nm ( D 1   +  d 1  ) along its length 
direction and  ∼ 160 nm ( D 2   +  d 2  ) along the main ribs. This long-
range ordered structure with a very small periodicity can be 
considered to be a 2D photonic crystal slab tilt about 30 °  with 
respect to the surface of the scales. As shown in Figure  11 a(v), 
the transverse cross section of the wing scales consists of 21 
alternative cuticle and air layers, which share almost the same 
thickness ( ∼ 95 nm). The multi-layer structure of the concavities 
(Figure  11 a(iii) produce the green refl ection light and give rise 
to a main refl ection peak at  ∼ 550 nm for normal incident light. 
The 2D photonic crystal slab of the ridges which tilt  ∼ 30 °  to 
the surface of scales, interacting with the normal incident light 
at 60 °  and producing a small refl ection locates at  ∼ 380 nm. 
These two refl ection peaks mixed to the blue color perceived by 
human eyes.  

 The bright green colored wings of  P. Blumei  (Figure  11 b, 
another breed of  Papilio  butterfl y) result from a juxtaposition 
of blue and yellow-green light refl ected from different micro-
scopic regions on the wing scales. Optical microscopy reveals 
that these regions are the centers (yellow) (Figure  11 b(ii)) 
and the edges (blue) of concavities (Figure  11 b(iii)). Unlike 
 P.Ulysess , the concavities of  P.Blumei  are cap shaped, of 4–6  μ m 
in dia meter (Figure  11 b(vi)). The profi le is much deeper than 
 P.Ulysess . The inclined sides of each concavity tilt  ∼ 45 °  with 
respect to the horizontal surface, and the opposites of each con-
cavity are perpendicular to each other. The ridges run through 
GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 1354–1375
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     Figure  11 .     a) Nature photonic structure,  Papilio Ulyssess  butterfl y. (i) The bright blue wings of  P. Ulysess  butterfl y resulted from the mixed colors from 
different regions of the scales. (ii) and (iii) Optical (scale bar: 20  μ m) and scanning electron (scale bar: 1  μ m) microscapy images showing that the 
surface of a wing scale of a fairly regular array of concavities and ridges (iv). The concavities refl ect green color light. (iv) UV light refl ected from the 
ridges. (v) The transverse cross section of concavities of 21 alternative cuticle and air layers with thickness of  ∼ 95 nm, which refl ect green light consist-
ently. [  151  ]  Refs. [151]. b) Natural photonic structure:  Papilio Blumei  butterfl y. (i) The bright green wings of the  P. blumei  butterfl y resulted from the mixing 
of the different colors of light from different regions of the wing scales. (ii) and (iii), Optical microscopy images (scale bar: 20  μ m) showing that the 
concavities refl ect yellow and blue colors under normal incident light. (vi) Scanning electron microscopy image showing that the surface of a wing 
scale is covered with concavities (diameter  ≈  5–10  μ m); (v) The transverse cross section of concavities consists of 21 alternative cuticle and air layers 
with thickness of  ∼ 120 nm. (From [  151  ] ) (c) Sample fabrication. (i) Deposition of polystyrene colloids on a gold-coated silicon substrate. (ii) Growth of 
platinum or gold in the interstices of the colloidal array by electro-plating. The metal deposition is terminated when the thickness of the deposited 
fi lm equals the microsphere radius. (iii) Removal of the polystyrene spheres from the substrate by ultrasonication in acetone. (v) Sputtering of a thin 
carbon fi lm and ALD of a stack of 11 alternating TiO 2  and Al 2 O 3  layers (arrows indicate the precursor gas fl ow). In a second route, the colloids are 
molten to cover the cavities with a homogeneous fi lm (vi) which is covered by a TiO 2 –Al 2 O 3  multilayer. [  144  ]  Panel (c) reproduced with permission. [  144  ]  
Copyright 2010, Nature Publishing Group.  
the full length of each scale with a periodicity of 7–8  μ m. The 
transverse cross section of the concavities also consists of 21 
alternative cuticle and air layers with a thickness around 110 nm 
(Figure  11 b(v)). For the normal incident light, theoretical cal-
culation predicts that the refl ection peak resulted from the fl at 
portions locates at 600 nm, in agreement with the yellow color 
observed under optical microscopy; while the light incident 
on the edges of concavities with an angle  ∼ 45 ° , producing a 
refl ection peak at  ∼ 450 nm, in accordance with the blue color 
observed under optical microscope. The light incident on one 
side of the concavity, refl ected from one 45 °  side, travels across 
© 2012 WILEY-VCH Verlag GAdv. Funct. Mater. 2012, 22, 1354–1375
the concavity to the opposite orthogonal side, and then refl ects 
backward in parallel to the original incident direction. Through 
this double refl ection process, the blue refl ected light under-
goes a polarization conversion. As a result, it survives upon the 
crossed polarizers. These two colors mix up the green coloration 
caught by human eyes. It follows that the two breeds of butterfl y 
take advantage of the colors mixing strategy. The blue color of 
 P.Ulysess  is mixed by the green and deep purple colors refl ected 
by concavities and ridges respectively. The green color seen 
from  P.Blumei  is a mixture of yellow and blue colours refl ected 
by the fl at portions and inclined sides of concavities. We notice 
1371wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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that many studies show that the eyes of the butterfl ies have a 
duplicated gene, allowing them to see ultraviolet colors and dis-
tinguish the spectral properties and spatial distribution of the 
visual colors. [  148  ]  And also, they are sensitive to the polarized 
light. Therefore, the knowledge on the structural origination of 
the two refl ection peaks and polarization property of butterfl y 
wings would have broad biological implications. [  147  ,  149  ]  Further-
more, with the understanding of the correlation between the 
optical properties and the corresponding structures, researchers 
could be able to fi nd a way to mimic natural structural colors 
with designated properties. Evidently, the ability to mimic the 
structural colour with its spectacular function will broaden the 
biomimicry fi eld in the design of structural colour materials 
targeted for ultra and smart performance. 

 M. Kolle et al. adopted the combined techniques of colloidal 
crystal self-assembly, sputtering and atomic layer deposition to 
fabricate photonic structures that mimic the colors mixing and 
polarization effect found on the colored wing scales of  Papilio 
Blumei.  [  144  ]  They demonstrated the replication of the periodi-
cally shaped multilayer structure of the  Papilio  butterfl y scale 
in fi ve steps (Figure  11 c). Polystyrene colloids with a diameter 
of 5  μ m were assembled on a gold-coated silicon substrate to 
create regularly arranged concavities. A layer of platinum or 
gold with thickness  ∼ 2.5  μ m was then electrochemically grown 
into the interstitial space between the colloids, creating a nega-
tive replica. [  152–154  ]  Ultrasonication of the sample in dimeth-
ylformamide or acetone removed the colloids, resulting in a 
template of hexagonally arranged metal concavities. A  ∼ 20-nm-
thick carbon fi lm was sputtered onto the gold surface. Finally, a 
conformal multilayer of thin quarter-wave titania and alumina 
fi lms was grown by ALD. [  155  ]  The carbon layer between the gold 
(or platinum) and the multilayer stack adsorbs light passing 
through the multilayer stack, reducing specular refl ections 
and unwanted destructive interferences that would otherwise 
severely limit the optical performance. 

 During the fabrication process, the diameter and height of 
the concavities for the artifi cial mimic were well controlled by 
the size of colloidal spheres and thickness of platinum or gold 
layer. The number of the alternating titania and alumina layers, 
as well as their thicknesses could be carefully controlled during 
the ALD process. By choosing proper thicknesses of the titania 
and alumina layers, the stop-band centre wavelength for the arti-
fi cial multi-layer structure could locate  ∼ 550 nm, matching the 
refl ectance band of the natural  P.Blumei  structure closely. Due 
to the concave structure, the center of the concavities exhibit 
yellow-green refl ection ( ∼ 550 nm), while the refl ection light 
from the four segments of the concavities blue-shifts to blue 
color. The observation of the artifi cial mimic between crossed 
polarizers leads to a similar effect as described for the  P.Blumei  
structure. Only light incident onto four segments of the con-
cavity edges is detected. The local surface normal of  ∼ 45 °  gives 
rise to a double refl ection at the opposing cavity walls, causing 
a polarization rotation. The artifi cial mimic therefore displays 
the same optical characteristics as the natural  P. blumei  wing 
scale structure. 

 Nevertheless, this approach described above needs to fab-
ricate complex nanostructures, wherein the two refl ections 
come from different parts of the structure. This technique is 
costly and diffi cult to obtain different properties by tuning the 
2 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag G
structure. In this regard, the key challenges in future work to 
biomimic natural structural color turn out to be how to design 
and fabricate photonic crystals with the unique optical proper-
ties of natural structural color through a simple process. One 
promising way is to construct photonic crystals with two pho-
tonic band gaps to get the desired double refl ection. On the 
other hand, the growing demand for optical interfaces and sen-
sors for biomedical applications is motivating research towards 
realizing biocompatible photonic components that offer a 
seamless interface between the optical and biological worlds. 
Therefore, another key issue in this fi eld is how to mimic the 
double refl ection effect using biocompatible and biodegradable 
materials. 

 We notice that the double refl ection has its biological func-
tion. For instance, there are three major photoreceptors in the 
compound eye of  Heliconius erato  with spectral sensitivity peaks 
at 370 nm, 470 nm, and 560–570 nm, allowing the detection 
of ultraviolet colors, and the distinguish of the spectral proper-
ties of visible light. [  147  ]  It follows that the double refl ection of 
butterfl y wings giving rise to both visible and UV refl ections 
may serve for communication and mating signals in butterfl y 
kingdom. [  147–149  ]  Thus, investigating the correlation between 
the optical properties and the structures may help to explain 
the innate behaviors of the butterfl y kingdom. Investigating the 
colouration mechanisms of these optical properties and the cor-
responding structures also has crucial implications for biomim-
icry, including colour-stimulus synthesis, display technologies, 
various polarization applications. [  112  ,  150  ]  

    6. Conclusions 

 As can be seen from the results presented in this paper, almost 
all fundamental aspects of crystallization can be examined in 
terms of the AEF controlled 2D colloidal crystallization system. 
The studies based on such a model system have given rise to 
some new knowledge on crystallization. For instance, although 
it has been confi rmed that the classical nucleation theories 
can be applied to describe the nucleation dynamics, the initial 
stage of nucleation may not be exactly the same as we expected. 
Unlike the assumption that both the embryos and the bulk 
crystals share the same structure, the structures of the embryos 
are supersaturation dependent. Such a deviation would be ben-
efi cial in lowering the nucleation barrier, and then facilitate the 
nucleation kinetics at low supersaturations. From the point of 
view of solid-fl uid interface, the above “experimental modeling” 
can also provide some unique and extremely relevant informa-
tion, which is capable of updating our knowledge in crystalliza-
tion in general. Utilizing such a model system, we can verify 
that a cluster of growth unites can be incorporated into the 
steps without causing any defect. In this process, the self ori-
entation of the clusters plays an important role. Similarly, we 
can also visualize the so-called self perfection process, where 
the defect lines are repelled from the crystal-substrate interface. 
Notice that the effect of supersaturation driven structure mis-
match has been put forward, but never been confi rmed directly 
before. The templated 2D colloidal nucleation provides the 
fi rst observation of this effect. Such an experimental modeling 
system has been successfully applied to examine many other 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2012, 22, 1354–1375
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and migration kinetics, etc., which have never been examined 
quantitatively before at the single particle level. Note that the 
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