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We investigate the dynamic crystallization processes of colloidal photonic crystals, which are potentially
invaluable for solving a number of existing and emerging technical problems in regards to controlled fabrication
of crystals, such as size normalization, stability improvement, and acceleration of synthesis. In this paper, we
report systematic high-resolution optical observation of the spontaneous crystallization of monodisperse poly-
styrene (PS) micro-spheres in aqueous solution into close-packed arrays in a static line optical tweezers. The
experiments demonstrate that the crystal structure is mainly affected by the minimum potential energy of
the system; however, the crystallization dynamics could be affected by various mechanical, physical, and geo-
metric factors. The complicated dynamic transformation process from 1D crystallization to 2D crystallization
and the creation and annihilation of dislocations and defects via crystal relaxation are clearly illustrated.
Two major crystal growth modes, the epitaxy growth pattern and the inserted growth pattern, have been
identified to play a key role in shaping the dynamics of the 1D and 2D crystallization process. These observations

offer invaluable insights for in-depth research about colloidal crystal crystallization.
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1. INTRODUCTION

Colloidal crystals have attracted renewed attention as they
provide a natural and simple scheme to prepare 3D periodical
dielectric structures, i.e., photonic crystals, modulated on the
scale of optical wavelength and test various physical concepts of
photonic crystals. Under specific conditions, a colloidal crystal
can exhibit a forbidden band of frequencies, which gives rise to
many potential and practical properties, such as photonic
bandgaps [1-5], photon localization [6], negative refraction
effect [7], and so on. Furthermore, colloidal crystal and one
of its family members, known as opals, can provide an ideal
scaffold for the creation of polymeric and inorganic samples
with complex porous structures such as inverse opals [8—10].
As the self-assembly crystallization [11] of colloidal crystal
brings several advantages such as simplicity of preparation,
low cost, copious amounts, and a broad range of the lattice
pitch size of bulk samples, this technique has been extensively
employed as an effective tool for nano- and micro-fabrication of
3D photonic crystals. However, it remains a major challenge to
improve the quality of colloidal crystal to a nearly perfect state
from various aspects, such as reducing the dislocation and
enlarging the single-crystalline domain size. This task would
request significant efforts to further understand the subte
mechanical dynamics of the growth of colloidal crystal, namely,
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how the micro-particles are brought together one by one and
assembled into a small cluster, how this cluster becomes a regu-
lar periodic array domain, and how the domain enlarges its size
by attracting more and more micro-particles. Besides, other key
issues such as the creation and annihilation of various defects
and dislocations during the growth of colloidal crystal require
special attention. However, due to the intrinsic difficulty and
complexity of these issues, these issues remain mysterious to a
large extent. It is then obvious that the capability to visualize
this dynamic growth process, if developed, would significantly
facilitate the efforts to address the challenging task. Surely
optical imaging is a natural technology suitable for solving this
problem.

The self-assembly of colloidal crystal can be affected by a
variety of forces such as electrostatic repulsion, van der
Waals attraction, and hydrogen bonding [12—14]. In most sit-
uations, these forces do not readily provide the specific control
of particle assembly processes with a fast speed because of their
extremely complicated competing and collective action effects.
In previous works, considerable progress has been achieved in
colloidal crystallization governed by microgravity [15], electro-
phoretic deposition [16], and magnetic fields [17]. Optical
tweezers [18-20], invented by Ashkin er 4l in the 1980s,
provide a brand new and efficient way to manipulate colloidal
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particles in suspension. In consideration of the overall balanced
power of optical trapping force, large area and volume of trap,
and direct and fast optical visualization capability, a line optical
tweezer (LOT) [21] presents an excellent technique to create
the space for colloidal photonic crystal (CPC) growth in the
microcosm and observe the dynamics and physics of crystalli-
zation in great details.

Optical confinement is tight in the transverse 2D space (the
xoz plane) and much weaker in the third (longitudinal) direc-
tion (the y axis) of an LOT. This feature creates a sufficiently
large 3D region for micro-particle crystallization, where the
micro-particles are relatively free along the y-axis direction
and can find sufficient auxiliary space to assist their spontane-
ous arrangement into a regular crystalline array. The crystalli-
zation processes driven by the line optical fields can be rapid
but precisely controlled. It should be noted that such a
light-driven crystallization does not require a nucleation core
to serve as the seeds for subsequent crystal growth. This light-
driven self-assembly crystallization brings simplicity and efficiency
of samples preparation and has great potential for extending to
prepare multi-shape samples. Moreover, this crystallization
process is not affected by the gravity of samples, the natural evapo-
ration of surrounding medium, and the thermal effect.

Our experimental research aims to explore the dynamic self-
assembly crystallization processes of monodisperse polystyrene
(PS) micro-particles in an LOT. In the experiments, we observe
that the formation of a colloidal crystal follows two major
growth patterns, the epitaxial growth pattern and the inserted
growth pattern, respectively, and these two growth patterns ap-
pear in both 1D and 2D array crystals. In addition, we also
observe the complicated but interesting transformation from
1D crystallization pattern to 2D crystallization pattern. All
these processes are the consequence of the minimum potential
energy of a system reached via the interaction between multiple
micro-sphere particles and the line optical field as well as the
subtle spatial and momentum conditions of each micro-sphere
particle going into the crystalline array within the LOT.

2. EXPERIMENTAL SETUP AND SAMPLE
PREPARATION

The experimental setup for manipulating monodispersed PS
micro-sphere particles in aqueous solution with the LOT is
shown in Fig. 1. A collimated laser beam (Nd:YAG Coherent
Compass, 1064 nm) is expanded by lenses L1 and L2 and then
introduced into a cylindrical lens, which converts a circular-
shaped Gaussian beam into a line-shape beam. After that, the
line-shape beam is reflected by a mirror into a water-immersion
objective (Leica, x100, NA = 1.2) in an inverted microscopy
(Leica DMIRB). As a result, the LOT is generated. The LOT is
basically an asymmetric focused optical beam with loose con-
finement along the y axis and tight confinement in the xoz
plane, and the intensity is higher at the center and lower at
both ends of the line. Despite this asymmetry, the LOT is still
a form of 3D optical trap and allows microscopic particles to be
confined in the transverse 2D direction and relatively be free in
the longitudinal direction.

The spherical 3 pm diameter PS micro-particles used in the
experiment are from Spherotech. Before the experiment, the
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Fig. 1. Experimental schematic diagram of the LOT setup. L1, lens
1; L2, lens 2; L3, lens 3; M1, reflection mirror 1; D1, dichroic mirror;
M2, reflection mirror 2; L4, lens 4.

particles are sonicated for 2 min. In order to reduce the risk
of trapping several particles simultaneously, the particles are fur-
ther diluted in de-ionized water to a low concentration but suf-
ficiently dense to allow the experiment to complete a cycle
within a limited time of several minutes. The solution of PS
particles is encapsulated between two glass coverslips to avoid
external environmental pollution.

3. INTENSITY DISTRIBUTION OF THE LINEAR
GAUSSIAN BEAM

The collimated linear Gaussian beam at a wavelength 4 =
1064 nm propagates along the z axis and is focused by a high
NA = 1.2 water-immersion objective. According to Ref. [22],
the linear Gaussian beam can be regarded as two independent
beams, namely, the x—z beam and y—z beam, respectively. The
complex electric field of a generalized linear Gaussian beam can
be expressed by
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y—z beam, respectively. The phase delay 7(z) is given by 5(z) =
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In Eq. (1), for the x—z beam, ¢, = inwf.n/i, wi(z) =
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[mw§ n/[A(z - z,)]*]}. Here, n is the refractive index of the sur-
rounding medium. Similarly, in the y—z plane, these parameters
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and R (2) = (z-2,){1+ {ﬂwéyn/[/l(z—zy)]}z}. In experiments,
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Fig. 2. Electric field amplitude distributions in (al) xoy plane, (a2) xoz plane, and (a3) yoz plane, respectively. (b) The trapping potential energy
surface calculated for the line optical trap in xoy plane. The optical trapping efficiencies (c1) Q, ~S,, (c2) Q, ~ S, and (¢3) Q, ~ S, on a PS

particle imposed by the LOT.

the waist radius of the x—z beam is @, = 1/(2NA) =
0.4433 pm. After modulation of the cylindrical lens, the
waist radius of the y—z beam @, is about 100 pm. The focus
position of the x—z beam is z, = 7w} n/A = 0.77 pm, while
the focus position of the y—z beam is z, = ﬂa)%yn/ﬂ =
39269 pm. The electric field amplitude distributions |E| in the
x0y, xo0z, and yoz planes are plotted in Figs. 2(al)-2(a3). All
the electric field amplitude distributions are normalized with
respect to the amplitude of the incident electric field £, = 1.

In order to describe the trapping force E (7), which is linearly
proportional to the total incident optical power P, we define

the trapping efficiency é(?) =(Qx Q,, Q) as follows,
(_2(7) = F()e /Pn. We apply the procedures and methods de-
veloped in Ref. [23] to calculate the trapping efficiency Q) of

a PS bead in an LOT when the particle with radius », moves
around the focus point along the x, y, and z axes, respectively.
It can be seen in Figs. 2(c1)-2(c3) that the equilibrium position
of the PS bead is [0, 0,0.34/7,]. In contrast with the equilib-
rium position [0, 0, 0.08 /7] of the PS bead trapped in a single
point optical tweezers [24], the PS bead has a larger longi-
tudinal offset along the z axis due to the weaker binding force.
The most significant difference lies in the y axis. The optical
trapping coefficient Q, of a PS bead in the LOT is much

smaller than that in the single-point optical tweezers. In order

to obtain the intuitive visual image of the binding energy of this
optical system, the trapping potential energy surface @(z) is
defined and calculated by the following formula:

0@ = [ Fos sy = /o) [[ s sy

@

where P =40 mW, n= 133, and ¢ = 3 x 10® m/s. The
potential energy ¢(z) is plotted in Fig. 2(b).

The full crystalline process of the PS beads can be contin-
uously monitored by the optical imaging devices adjunct to the
LOT system. For a better illustration and quantitative analysis
of the crystallization processes, a series of snapshots is imaged
and recorded while the self-assembly of PS particles occurs. In
an LOT, the gradient of the nonuniform electric field intensity
generates a gradient optical force, which dragged a PS particle
toward the focal line center. It is this weak gradient force point-
ing toward the focal line center that drives the PS particle to
move along the focal line and ultimately stop at the line center.
The second PS particle follows a similar path, and these two
particles are arranged symmetrically relative to the line center
after competing with each other to occupy the most stable po-
sitions of the LOT. Then, one by one, a mushrooming number
of PS microspheres are attracted and self-organized into an array
at the position where the line optical trap is located. With the
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increasing amount of particles, a long array of particles is auto-
matically rearranged and transformed into two arrays or even
more arrays. In this crystallization process, PS microspheres are
spontaneously crystallized into 2D close-packed arrays under
the driving action of the optical force.

4. PROCESS AND MODEL OF PS BEAD
CRYSTALLIZATION

A. 1D Crystallization

On the basis of experimental data, we classify the crystallization
process into two growth patterns. One growth model is the
epitaxial growth pattern, and the notable feature is that the
crystal extends its size by adding PS beads from both ends,
as shown in Fig. 3(a) and as visualized from Visualization 1
in the supporting information (SI). At the beginning, an optical
force pushes a particle from the border of the LOT into the
crystallization region. Then, the particle experiences a lateral
weak gradient force and moves toward the focal line center.
Meanwhile, it decelerates under the influence of the viscous
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Fig. 3. 1D crystallization of 3 pm diameter PS spheres in an LOT.
(a) Epitaxial growth pattern. (b) Inserted growth pattern. The recorded
microscopy snapshot images clearly show the dynamic process of crys-
tallization of PS beads, where the red circle with red arrow indicates the
new arriving PS bead. In the epitaxial growth pattern, the new arriving
PS bead would allocate at the two ends of the existing 1D crystal line,
while, in the inserted growth pattern, the new arriving PS bead would
insert into and finally allocate somewhere inside the existing 1D crystal
line. The schematic illustration of each growth pattern in 1D crystal-
lization process is included at the top of each figure.

force. Finally, the particle would find itself arranged to the crys-
tal edge when it stops. As the lateral momentum of a particle is
dissipated by the surrounding solution, this growth pattern has
lictle effect of collision to the formed structure of the crystal.
Our experiment shows that this kind of growth pattern exists
throughout the crystallization process.

The other growth model is the inserted growth pattern. In
this pattern, the particles insert into the inner region of the
crystal and push aside the neighboring PS beads to extend
its length, as presented in Fig. 3(b) (also as shown in
Visualization 1 in SI). The particles underneath the crystal
are dragged into the crystal by the optical force. Then they
squeeze and push away the surrounding particles and consume
most of their lateral momentum. The inserted particles finally
become part of the crystal after several seconds for the whole
crystal to relax and stabilize eventually. The kinetic energy
consumption through collision among particles is faster than
that through friction between particles and surrounding
medium. Thus, the inserted growth takes less time to reach
the steady state than that of the epitaxial growth.

In fact, our experiments indicate that no matter how the PS
microspheres are assembled into a crystal, they are always well
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Fig. 4. Series of snapshots of microscopically recorded images illus-
trating the dynamic process of transformation from 1D crystallization
to 2D crystallization. The schematic illustration of transformation is
included at the top of the figure. Red circle emphasizes an additional
particle entering the optical field. Green circle denotes the minimal
energy position. The particles with residual momentum are marked
with the blue rectangle. Black rectangle indicates the crystalline region
undergoing a drastic structural change and transition.
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arranged in a close-packed line array. The linear array structure
of the crystal depends on the optical field intensity distribution.
This feature informs us that the crystalline shapes can be con-
trolled by different optical fields, such as a circular, triangular,
and rectangle optical field.

B. Transformation from 1D Crystallization to 2D
Crystallization
With the increasing number of PS particles entering the trap,
the above linear growth does not benefit the maintenance of
minimum potential energy. Thus, the lateral growth of a crystal
is an inevitable trend, which leads to the transformation from
1D crystallization to 2D crystallization. According to the accu-
mulated experience from a number of experiments, there exists
three crucial factors influencing the crystallization transforma-
tion: the minimum energy position, an external particle enter-
ing into the LOT, and particles with lateral momentum.
The whole transformation can be seen in Visualization 2 in
SI In order to illustrate the transformation, a series of snapshots
are captured, as shown in Fig. 4. In the first and second
snapshots, the blur position, which is marked by a green circle,
indicates that there is a particle beneath the 1D crystal. In ad-
dition, where the blur position lies is the minimum potential
energy position. Thus, when an additional particle enters the
trap, it tends to be trapped and auto-arranged to this blur posi-
tion. This additional particle squeezing into the 1D crystal ar-
ray will generate a defect in the 1D crystal and make the crystal
unstable. At this time, when more and more particles are
trapped into the edge region of the 1D crystal (when the time
T = 1.93 s), these particles with residual momentum will col-
lide with the unstable 1D crystal array from the two remote
ends and significantly increase the possibility to create a crystal
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dislocation right at the position of the additional particle. This
dislocation will lead to the transformation from 1D crystalliza-
tion to 2D crystallization. During this period, the kinetic en-
ergy of the system is rapidly consuming via collision and
friction. In the next few seconds, the particles are adjusted
automatically and form a 2D hexagonal close-packed pattern.

C. Two-Dimensional Crystallization

The 2D crystallization scheme also can be classified into two
growth patterns as described above. Similar to the 1D crystal-
lization scheme, a particle from the border of the optical field is
automatically arranged along the longitudinal direction, as
shown in Fig. 5(a) (see Visualization 3 in SI). In this process,
most parts of the kinetic energy of particles is consumed by the
viscous resistance of a surrounding medium, and only a small
part of the kinetic energy is used to collide with the existing
2D crystal array of particles. This collision is mild, and the
main structure of the crystal will not be affected. In regards
to the inserted growth pattern, the energy exchange among
these particles is more complicated. The new arriving particles
will interact intensely with the crystal and the optical field.
Figure 5(b) and Visualization 3 in SI show a complete process
of how a new arriving particle enters the center of the crystal
and becomes a part of the crystal. The fierce change of the crys-
tal structure happens in the duration of 0.51-3.53 s. Both
growth patterns generate a 2D close-packed crystal, which is
a simple and regular lattice that achieves higher average density
and lower free energy.

The position of the new arriving particle entering the focal
optical line region will decide the crystallization growth pattern.
When an external particle enters by the border of optical field,
its kinetic energy will be gradually decreased and then arranged
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Fig. 5. Two series of snapshots showing two growth patterns of a PS colloidal crystal in 2D crystallization process. (a) Epitaxial growth pattern.
(b) Inserted growth pattern. Red rectangle indicates the ever-changing crystalline region. Red circle emphasizes an additional particle entering the
optical field. In the epitaxial growth pattern, the new arriving PS beads would allocate at the two ends of the existing 2D crystal, while in the inserted
growth pattern, those beads would insert into and finally allocate somewhere inside the existing 2D crystal. The schematic illustration of each growth
pattern in 2D crystallization process is included at the top of each figure.
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to the edge of the crystal, leading to the epitaxial growth of
crystal. On the other hand, when an external particle enters
by the bottom of the crystallization area, its kinetic energy will
fiercely exchange with the crystal as the particle is squeezed into
the crystal, leading to the inserted growth of crystal.

Notice that all the above crystal formed in the LOT are
purely induced by the existence of an optical potential well
originating from the optical field of LOT. The particles within
the crystalline array structure will disassemble when the optical
field is turned off. It is also worthy to note that the crystalli-
zation process can recur when the optical field is turned on
again. Therefore, the LOT offers a stable means for forming
colloidal photonic crystal of PS beads.

5. CONCLUSION

In summary, we have investigated the light-driven 1D and 2D
crystallization process of monodisperse PS particles in a static
LOT. We classify the crystallization process into two growth
patterns: the epitaxial growth pattern and inserted growth pat-
tern. In the epitaxial growth pattern, the crystal enlarges its
scale by attracting particles one by one at the two edges. Thus,
this is a mild growth scheme of crystal. In contrast, in the in-
serted growth pattern, the external particle is squeezed into the
middle region of an existing crystal, which inevitably disturbs
the neighboring crystalline structure strongly, e.g., creating sig-
nificant dislocation into the crystalline structure. In this in-
serted growth pattern, the structure of a crystal will suffer a
huge change in a few seconds and cause transformation from
1D to 2D crystallization. Thus, this inserted growth pattern
needs more time to achieve a balance into a new crystalline
structure.

The direct observation of the crystallization process of PS
particles is the first step in exploring the crystallization charac-
teristics of multiple-type particles in an LOT. The LOT, an
intuitive and convenient technique, opens up a new path
for fabricating the neatly arranged colloidal crystals under
the driving of external forces and interactions. Besides, as this
methodology places the whole and subtle details of the colloidal
crystallization process under the direct observation and surveil-
lance of a high-resolution optical imaging system, it is an
invaluable methodology to understand how PS and other mi-
croscopic particles are self-assembled into a colloidal crystal.
The light-driven crystallization of particles in an LOT can be
fascinating for studying the complicated interaction between
multiparticles and external fields, analyzing the diversification
of the crystal structure, and exploring many other basic scien-
tific problems. Furthermore, the light-driven self-assembly
crystallization of micro-particles can provide various invaluable
detailed parameters, such as the formation of dislocation, the
momentum of particles in suspension, the energy dissipation
between particles and crystals, the relaxation time of crystals
achieving balance state, and so on. These parameters would
offer excellent guidance toward understanding the dynamic
process of colloidal crystal formation and are useful references
to fabricate high-quality long-range ordered colloidal crystals in
the chemistry, magnetism, electricity, and other crystallization
methods.

Funding. National 973 Program of China (2013CB632704);
National Natural Science Foundation of China (NSFC)
(11434017).
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