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We experimentally demonstrate that optical tweezers can be used to accelerate the self-assembly of colloidal
particles at a water–air interface in this Letter. The thermal flow induced by optical tweezers dominates the
growth acceleration at the interface. Furthermore, optical tweezers are used to create a local growth peak
at the growing front, which is used to study the preferential incorporation positions of incoming particles.
The results show that the particles surfed with a strong Marangoni flow tend to fill the gap and smoothen
the steep peaks. When the peak is smooth, the incoming particles incorporate the crystal homogeneously at
the growing front.
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Colloidal crystals possess a large number of interesting
and important properties, and, hence, find applications
in photonic crystals[1], sensors[2,3], laser technology[4], and
collective dynamics of microparticles[5–10]. There have been
various methods developed to assemble two-dimensional
colloidal crystals[11–14]. Since the discovery of optical
tweezers[15], optical forces have been widely studied[16–19]

and can be used for the assembly and reconfiguration of
particles[20–24]. The optical gradient forces drive the par-
ticles into the optical trap, and the particles will form a
two-dimensional colloidal crystal. However, optical tweez-
ers can only trap a few particles, so the colloidal crystals
are always finite sized. Furthermore, the colloidal crystal
will melt when the trapping laser is turned off[22].
Besides the optical gradient force, there also exists a

thermal gradient force when a laser beam is focused in
the solutions[25–27]. When the microparticles are far from
the wall of the sample chamber, the thermal gradient force
is relatively weak, and the optical force governs the motion
of the microparticles. When the microparticles are sus-
pended in a thin sample chamber with a laser absorbing
metal coated surface, the thermal gradient will result in
a strong convection[28]. Utilizing the thermal convection,
the microparticles are accumulated and form two-dimen-
sional crystals at the laser spot center[29–32]. However, the
particles that are accumulation driven by the thermopho-
resis depend on the type of particles. If the Soret coeffi-
cient of particles is negative, the particles will not be
accumulated at the spot center, but will be depleted from
the spot center.
When close to the water–air interface, the micropar-

ticles move to the interface with small velocities and form
an ordered cluster at the interface. In this Letter, we apply
optical tweezers to accelerate the particles’ velocities
and the growth rate of a two-dimensional crystal at the
water–air interface. After the laser is turned off, the

microparticles can be stably ordered with the confinement
of the water layer. Moreover, the colloidal microparticles
are used as big atoms to study the crystallization dynam-
ics with the help of the optical tweezers.

Our optical tweezers setup is based on an inverted uni-
versal infinity microscope, as shown in Fig. 1. A linearly
polarized continuous wave (CW) 1064 nm laser (Amonics,
Hong Kong, AFL-1064-37-R-CL) is used as the trapping
laser source. The laser beam is expanded by L1 and lens
Ltube (Ltube is the tube lens inside the microscope) to fulfill
the pupil of the microscope objective. The laser beam
reflects upward by a dichroic mirror and focuses into the
sample chamber after passing through a microscope
objective. The images are recorded by a complementary
metal-oxide-semiconductor (CMOS) camera (7 frames
per second) and acquired by movie capture software.

Fig. 1. Schematic of the experimental setup. L1, lens; M1-M2,
mirrors; DM, dichroic mirror; Ltube, tube lens; MO, microscope
objective; CMOS, CMOS camera. Inset: top view of the circular
trough. ‘+’ indicates the optical trap center.
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The samples are a diluted suspension of particles. The
polystyrene microspheres are 3 μm diameter polymer par-
ticles (Duke Scientific, 4203 A, 1% volume concentration).
The water–air interface is prepared using a homemade cir-
cular trough with an inner diameter of 10 mm and a height
of 1 mm. At first, the trough is placed at a coverslip. A
60 μL suspension drop is injected into the trough, and then
the trough is carefully sealed by the second coverslip. The
sealed cell is placed vertically at first. The next step is to
flatten the sample chamber, so the suspension wets the
two coverslips and forms the water–air interface, as shown
in the inset of Fig. 1. There is a thin water layer at the
water–air interface. The sample chamber is placed at
the microscopy stage for observation.
The microparticles in the water solution are involved in

the Brownian motion. Several minutes after the beginning
of the experiment, the particle concentration in close
vicinity to the coverslip surface becomes higher than in
the bulk of the aqueous layer due to the sedimentation
of the particles. The particles near the water–air interface
are immersed in a liquid layer on the coverslip, and the
deformations of the water–air interface give rise to strong
and long-range interparticle capillary forces[33]. The attrac-
tive capillary forces and the convective flow induced by
water evaporation drive the particles toward the ordered
region slowly. When the particles arrive at the interface,
they are ordered into domains with hexagonal packing.
The microparticles’ array is about 14 mm in width in
about 2 min, as shown in Fig. 2(a). When a laser is focused
on the water layer at the water–air interface, the micro-
particles are quickly moving toward the interface. When
the laser power is 140 mW at the pupil of the objective, a
cluster with a width of 37 μm builds up within 34 s after
the laser begins working, as shown in Fig. 2(b). We think
that the Marangoni flow induced by the temperature gra-
dient of the water accelerates the self-assembly of the col-
loidal crystal, so a cluster with width of 37 μm is obtained
after 34 s.
When the laser beam incidents on the water–air inter-

face, light absorption happens. After absorption by the
water enclosed in a cylindrical surface that intersects
the light cone, the heating laser light transforms into heat
power that propagates radially away from the light-cone

axis. The temperature rise for a distance a, a0 can be
given by[34]

ΔTða; a0Þ ¼ P inαw
2πK

ln
a0

a
; (1)

where αw is the absorption coefficient of water, a is the
radius of the illumination surface, a0 is the radius of the
outside cylinder (a < a0), K is the thermal conductivity
of water, and P in is the input laser power at the focal
plane. It can be calculated that the radius of the illumina-
tion surface is a ¼ 0.61λ∕NA ¼ 0.52 μm, and the radius of
outside cylinder is a0 ¼ δ· tan θ ¼ 4.31 μm, where δ is
the thickness of the water layer and is approximately
equal to the diameter of particles. We measure the
transmittance of the objective. The result shows that the
transmittance is 70% at a wavelength of 1064 nm, so P in is
98 mWwhen the laser power is 140 mW at the pupil of the
objective. By using a ¼ 0.52 μm, a0 ¼ 4.13 μm, P in ¼
98 mW, αw ¼ 0.14 cm−1 (at λ ¼ 1064 nm[35]), and K ¼
0.6 W∕ðm·KÞ[36] in Eq. (1), the temperature rise ΔT is
0.8 K, and the temperature gradient ∇T is about
ΔT∕a0 ¼ 0.18 K∕μm.

Due to the decreases of water surface tension with the
increasing temperature, the focused laser beam in the
water forms a stable temperature gradient. The tempera-
ture gradient induces a flow at the surface of the water
layer. Furthermore, the surface tension gradient must
be balanced by a shear stress in the water. The shear stress
induces a Marangoni flow, which drives the particles mov-
ing toward the water–air interface. The particle velocityU
can be estimated as[37]

U ¼ σT · ∇T · R
μ

; (2)

where σT is the gradient of the interface tension of water,
R is the radius of particle, ∇T is the temperature gradient
imposed on the water, and μ is the dynamic viscosity. By
using R ¼ 1.5 μm, σT ¼ −0.14 × 10−3 N∕m, and ∇T ¼
0.18 K∕μm in Eq. (2), the velocity U is about 0.4 m/s.
The experimental velocities around 8 μm/s (see Fig. 3)
can then be accounted for by supposing a very small asym-
metry. We think such an asymmetry in the experimental
system is mainly induced by the boundary conditions be-
cause the particle is confined by two very close surfaces.

Besides the temperature rise, the laser pressure introdu-
ces liquid surface deformation at the water–air interface.
The spatial and temporal profile of the CW laser beam is
quite stable, so the induced surface deformation is quite
stable and will not disturb the fluid flow in the water.
The surface deformation generated by the pulsed laser will
change periodically, which will disturb the fluid flow and
affect the particle accumulation.

We measured the microparticles’ velocities at different
laser powers. The results are shown in Fig. 3. The symbols
correspond to the average for at least the five particles’
velocity measurements for each power, whereas the error

Fig. 2. Two-dimensional self-assembly accelerated at the water–
air interface by optical tweezers. The NA of the objective is 1.25.
The white lines mark the water–air interface at the upper left.
The black arrow indicates the direction of the particles’ move-
ment. Scale bar, 10 μm; ‘+’ indicates the optical trap center.
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bars are the standard deviations of velocity. The particles’
velocities increase linearly with the laser power, which is
consistent with the expected result based on the Eqs. (1)
and (2).
We also measured the particles’ velocity at the same

power using objectives with different NAs. The laser
power is 340 mW at the pupil of the objective lens. The
results are shown in Table 1. The velocities are the average
for at least the five measurements for each NA, whereas
the error bars are the standard deviations of the velocities.
It can be seen that the velocities decrease when the NAs of
the objective decrease. The decreasing of the NAs means
that the light illuminating diameter d is increased accord-
ing to d ¼ 1.22λ∕NA. For a same laser power, the increas-
ing of the illuminating diameter will decrease the
temperature gradient, which will decrease the particles’
velocities according to Eq. (2).
We try to assemble two-dimensional colloidal crystals

with other types of microparticles, and the experiments
show that the types of particles have a great influence
on the particles’ ordering. It is difficult to assemble
two-dimensional crystals with metal particles. The den-
sity of the polystyrene microspheres (1.05 g/mL) is very
close to the density of the water. Therefore, the polysty-
rene microparticles can arrive and assemble at the inter-
face before they precipitate at the surface of the coverslip.

The densities of the metal microparticles are much larger
than that of water, so the metal particles precipitate to the
surface of the coverslip quickly. The convection flow is dif-
ficult to transport the metal particles to the interface.

The transport of particles is influenced by the buoyancy
and gravity, so we think that the velocities of particles
would not increase linearly as expected by Eq. (2) when
their sizes become small. For nanoparticles, it will take
more time to obtain the crystal with the same width
due to their small sizes. Furthermore, the nanoparticles
usually form a non-monolayer crystal at the interface be-
cause the thickness of the water layer is larger than their
diameter.

The optical tweezers can trap particles in the process of
particle ordering. Here, optical tweezers are used to study
colloidal crystal growth kinetics. In general, the diffusion
microparticles are homogeneously transported to the
growing front. In the process of growing two-dimensional
crystals, the optical tweezers can initially trap some micro-
particles in the optical trap, even form a finite-sized aggre-
gation and create a steep peak at the growing front. The
results show that the incoming microparticles have a
tendency to fill in low places to form a flat growing front.
As shown in Fig. 4, the optical trap is close the growing
front, and the trapped microparticles form a peak at first.
However, the peak is finally flattened by the accumulation
of incoming microparticles at the water–air interface.

A flattening example occurring in Fig. 4 is detailed in
Fig. 5. In this process, incoming particles 1 and 2 are trans-
ported from the solution to the peak, but eventually be-
come incorporated at the bottom of the peak in Fig. 5(a).
Figure 5 shows that particles 1 and 2 experience two
motions in succession while approaching the bottom of

Fig. 3. Particles’ velocities dependence of laser power at the pu-
pil of the objective lens. Error bars are the standard deviations of
velocity. NA ¼ 1.25. The line is a linear fit to the whole data.

Table 1. Particles’ Velocities Dependence of NAs of
Objectives with Error Barsa

NA Velocity (μm/s)

0.4 5.08� 0.62

0.7 8.27� 0.47

1.25 20.87� 2.05
aP ¼ 340 mW.

Fig. 4. Gap at the growing front is filled up by the incoming
particles. The steep peak is created by optical tweezers. Scale
bar, 10 μm; ‘+’ indicates the optical trap center.

Fig. 5. Smoothing process for a steep peak at the growing front.
The particles at the peak are pulled down by theMarangoni flow,
resulting in a reduction of the local roughness. Scale bar, 10 μm;
‘+’ indicates the optical trap center. The black arrows indicate
the direction of the particles’ movement.
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the peak: first, the particles are attached at the top of
peak; second, the Marangoni force eventually pulls
particles 1 and 2 down to the lower layers, as shown in
Fig. 5(c). The incoming particles become incorporated
into the two-dimensional crystal at last.
In the process of growing, the microparticles far away

from the growing front can be transported to the interface.
The formation of the flat growing front indicates that the
Marangoni convection dominates the colloidal crystal
growing. With the kinetic energy obtained from the Mar-
angoni flow, the particles are brought into the bottom of
the peak, these processes are helpful for reducing the
roughness of the growth surface and promote the forma-
tion of a smooth crystal surface.
When the peak is not steep and has a platform, the dif-

fusion of particles is different, as shown in Fig. 6. When the
optical trap is far away from the growing front, it can trap
microparticles to form an aggregation. The aggregation
forms a steep peak at first, as shown in Fig. 6(b). The in-
coming particles are pulled to fill the gap, and the
steep peak becomes a wide peak at the growing front in
Fig. 6(c). The top of the wide peak is wide and can keep
the incoming particles, which incorporate the crystal
homogeneously at all the growing fronts. The particles at-
tach at the peak order at the top of the peak, but do not
diffuse to bottom of the peak again. When more and more
incoming microparticles are incorporated into the crystal,
the peak is heightened and widened, as shown in Fig. 6(d).
At last, the trapped aggregation also becomes part of the
crystal.
Colloidal crystals have usually been studied as a model

system of atomic crystals[38–40]. The advantage of utilizing
colloidal particles as model is that the colloidal particles
are much larger in size than real atoms and can be ob-
served directly by optical microscopy. The natural crystal-
lization processes of colloidal crystals have been studied in
with single-particle resolution[41–43]. In the process of

crystal growth, it is an important role for the two-dimen-
sional nucleation at the growing front and the diffusion of
the grown unit. Here, optical tweezers are used to trap the
particles and form artificially grown peaks in the growing
front, which is used to study the colloidal crystal growing
process. It is confirmed that the incoming particles have a
tendency to fill the gap for reducing the local roughness
under the convection flow.

Now, it is difficult to obtain a large scale of colloidal
crystals with this method. The main reason can be attrib-
uted to the neat two reasons: the first one is that the par-
ticles should be held by the water layer, and the width of
the layer is limited; the second one is that the action range
of the thermal gradient caused by optical tweezers is small.
We think that the suitable electrolyte concentration in the
solution is helpful to form steady patterns of micropar-
ticles[44,45], and then the order particles are no longer re-
stricted by the water layer. Furthermore, multiple optical
tweezers or optical tweezers with large power may help
obtain larger-sized crystals.

In conclusion, the thermal gradient induced by the
optical tweezers at the water–air interface is used to accel-
erate the growing of the colloidal crystals in this Letter.
The movement velocities of particles increase linearly with
the laser power increasing. Moreover, optical tweezers are
used to trap the particles during the growing process,
which form growth peaks on the growing front. The exper-
imental results show that the diffusion particles have a
tendency to fill the gap for reducing the local roughness.
When the created peak is steep, the incoming particles will
fill the gap and form a flat front. For a wide top peak, the
peak will be plumped with the accumulation of particles.
The result in this Letter is valuable for producing two-
dimensional colloidal crystals and to study the growing
mechanism.

This work was supported by the National Natural
Science Foundation of China under Grant Nos. 11302220,
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