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Colloidal crystal plays a major role in novel optical devices such as waveguides, photonic crystals, and colloidal
crystal lasers, among others. It has been known that colloidal crystals may self-assemble due to optical, electric,
or chemical potentials, and light-induced thermal effects, such as thermophoresis and convective currents. In this
work, the formation and manipulation of a self-limiting assembly of monolayer colloidal crystals using a 20 nm
absorbing thin film of titanium and a CW-laser emitting at 1070 nm is reported. The colloidal particles, dragged
by thermally induced convective currents, self-assembling over the titanium thin film around the laser focal spot.
The self-assembled monolayer colloidal crystal tends to form a circular shape. Using numerical simulation, we
obtained a potential well associated with the convective currents that spatially govern the radial extension of the
monolayer colloidal crystal. We also show, that by changing the pH of the solution i.e., by tuning the electrostatic
interaction, the monolayer colloidal crystal can be formed or destroyed. In addition, it was possible to create a

larger monolayer colloidal structure covering an area of 600 pm? using an array of six laser spots.

1. Introduction

Colloidal crystals [1,2] play a crucial role in the design of novel
optical devices such as waveguides [3], photonic crystals [4], and
colloidal crystal lasers [5], among others. These applications have been
addressed through techniques like nanoimprinting [6], photolithog-
raphy [7], and self-assembly [8,9]. The latter has the advantage of not
requiring an external mechanism or device for overcoming the several
dynamic processes behind the assembly of colloidal particles. Among the
self-assembly methods those driven by optothermal -effects, have
emerged as a promising strategy by their universal applicability in
several colloidal systems and low technical requirements. Several au-
thors have investigated monolayer colloidal crystal formation using
thermal effects, for example, Braun et al. [10,11] reported the accu-
mulation of polystyrene particles into colloidal crystals driven by
convective currents and thermophoresis. Dholakia et al. [12] demon-
strated the self-assembly of 5 um silica particles into an extended hex-
agonal close-packed array using convective currents excited by the
thermoplasmonic effect. In a similar configuration, Zhiwen Kang et al.
[13] attributed to thermophoretic and convective currents, while Di
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Leonardo [14] using a dielectric absorbing substrate attributed to a
Marangoni-like effect. All these reports share similar experimental
conditions: a light-absorbing (typically gold) substrate that is heated up
by light absorption from a laser beam giving rise to thermally induced
effects like thermophoresis, convective currents, and Marangoni-like
effects. Nevertheless, no analysis of the colloidal crystal configuration,
stability, and its spatial extension has been reported to our knowledge.

In this work, we present the generation and 2D manipulation of
monolayer colloidal crystals by self-assembly of silica particles and
explore the particle interactions, i.e., electrostatic stabilization. More-
over, using numerical simulation, we obtain a potential well associated
with the convective currents that radially determines the spatial
extension of the monolayer colloidal crystal. By changing the pH of the
solution, we modulated the inter-particle interaction forces, i.e., van der
Waals and double electric layer. The tunning of the inter-particles forces
allows the well-order of the colloidal particles and controls the stability
of the colloidal crystal. Finally, we show the generation of a much larger
monolayer colloidal structure of 600 ym? (30 um x 20 ym) by employing
an array of six laser spots.
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2. Experimental setup

To perform the experiments, we prepared a colloidal solution of
silica beads (SiO9, 1 pm diameter, concentration of 10 % solids weight/
volume, ~ 1.01x10'! particles/ml, Polysciences Inc.) dispersed in
distilled water and placed between sealed glass coverslips keeping 20
um of separation between coverslips. The solution for trapping was
prepared with 20 L of the colloidal solution of silica beads and 980 uL of
distilled water, so the final colloidal solutions concentration was 0.2 %.
Using a micropipette, the pH of the colloidal solution was adjusted by
adding 0.5 pL of either an alkaline substance (NaOH, 7 > pH) or an
acidic one (HCI, 7 < pH), until the desired pH level was achieved based
on the measurements performed with a pH/T meter (Mil50 by Mil-
waukee Instruments). On the lower coverslip, a 20 nm titanium (Ti) film
was previously deposited by sputtering. The experiment was carried out
using a commercial optical tweezers system (OTS, E3500 by Elliot Sci-
entific) coupled to an inverted microscope with an oil immersion
objective (100x, NA = 1.45), as depicted in Fig. 1. A CW fiber laser beam
(emitting at 1,070 nm and 1 W maximum power), was employed to
irradiate the Ti thin film and its optical power is fine-tunned with a
variable attenuator consisting of a 1/2 waveplate and a polarized cube
beam splitter. The OTS is equipped with an acousto-optic deflector
(AOD) that allows the generation of multiple spots at the trapping plane.
Even though any metal or absorbing dielectric works fine, however, Ti is
preferred for its toughness, corrosion resistance, and its easy adhesion to
glass, in addition, possesses a high absorption coefficient. Furthermore,
no plasmons needed to be excited as opposed to gold, simplifying the
experimental setup.

3. Numerical simulation
Light absorption at the Ti thin-film (or; ~ 5.1 x107 m~! [15]) gen-

erates a temperature gradient (VT) that heats the distilled water up
according to the heat equation, given by [16,17]:

pc,u o VT =YV o (kVT) + Q (@D)

where p is the distilled water density, cp is its heat capacity, u is the
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Fig. 1. Sketch of the commercial Optical Tweezers System E3500 Elliot Sci-
entific. The power of the laser beam (CW laser with optical fiber output OF) is
fine-tuned with a half-wave plate HWP and a polarizing beam splitter PBS, then
the laser beam is expanded by a beam expander BE and redirected with a couple
of mirrors and a dichroic mirror (DM) to a 100x oil immersion microscope
objective (MO) with NA = 1.45. CL is a condenser lens, XYZ TS is the translation
stage for providing 3D control motion of the sample, and F is a filter that blocks
the reflected light to avoid saturation on the CCD camera. The same MO is
employed to image the silica microparticles on the CCD camera. The illumi-
nation is provided by a white lamp source. The acousto-optic deflector AOD
allows the generation of multiple spots at the trapping plane.
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velocity of the fluid field, « is the thermal conductivity; Q = Iy a is the
heat source per volume unit, where a is the absorption coefficient and Iy
is the optical source intensity. Since the light absorption coefficient of Ti
is approximately six orders of magnitude greater than the distilled water
one, the Ti thin film plays as the only heat source. As the laser is on,
convective currents with a toroidal shape close to the laser beam spot
and thermophoretic forces take place. To determine the magnitude of
these convective currents, we solved the Navier-Stokes equations
coupled with the heat equations in COMSOL Multiphysics [16,17]:

pueViu=Ve{ —pl+uVu+(Vu)']}+F, 2

pVeu=0 3

Here we assume that a Gaussian beam is incident on the Ti thin-film,
p is the pressure of the fluid, u is the dynamic viscosity of the fluid, and I
is the 2nd order identity tensor. F, = g(p —p,) where p and py are the
water’s densities after the laser has been turned on and at room tem-
perature, respectively. The intensity distribution of the incident
Gaussian beam is given by:

2r?
Iti(r,2) = T exp[—ari(z + lyaer) lexp| ——— @

2k
70 (z) w?(z)

where Ty ~ 0.27 is the net transmission that involves all Fresnel losses
at the interfaces of the glass cell. P = 3.1 mW is the laser beam power
and w(z) is the laser beam radius defined as:

2 Z
w(z)’ = o} {lJrZ—z} (5
R

where zg = ”%ﬁ is Rayleigh distance and wy is the beam waist. The focal
plane is placed 1 pm above the Ti thin film. The light is strongly
absorbed on the Ti thin film. Photoexcited electrons relax non-
radiatively increasing the temperature of the film and the surrounding
liquid, generating a temperature gradient around the beam position, and
setting up in motion convective currents within the cell, as indicated by
the white arrows in Fig. 2.

4. Results and discussions
When the laser was turned on, the dispersed silica microparticles

were dragged from remote regions (~15-20 um) towards the laser beam
spot. Fig. 3(a) shows the tracking of only 6 particles as they converged

Fig. 2. Schematic representation of the formation of the convective currents.
Silica particles are dragged toward the hot spot by the convective currents,
represented by the white arrows. The length of the arrows is proportional to the
magnitude of the convective currents. The maximum temperature (42° C)
reached occurs at z = 0.5 um. For the sake of illustration, only 40 pm (out of 20
mm) of the length of the cell is shown. Figure not in scale.
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Fig. 3. (a) Trajectory of 6 particles attracted towards the laser beam (hot zone). The blue dots represent the centroids of the particles, and the red arrows show the
direction of the particlées movement. (b) Snapshot of the dynamic formation of a monolayer colloidal crystal. See Visualization 1. (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of this article).

and self-assembled in an open boundary monolayer colloidal crystal.
The particles tracking was carried out by a homemade MATLAB code.
The focal position was set at the Ti thin film and since the trapped mi-
croparticles remain in focus, one can safely assume that they move along
the substrate. The beam power was sufficiently low such that the scat-
tering force and the upwards drag force could not compensate for
gravity and the attractive van der Waals forces between the particles and
the substrate. On the other hand, beam powers above 3.5 mW, activates
thermophoresis resulting in particles being expelled from the hot region,
creating a ring of particles where the thermophoretic and drag forces
compensate as previously reported [16]. Even higher power leads to
bubble formation and cavitation [17,18]. Thicker Ti films decreases the
threshold values for the several regimes described above. All results
presented here will be in the convective current-dominated regimen.

Fig. 3(b) shows snapshots of the dynamic formation of the monolayer
colloidal crystal using 3.1 mW of laser power. Notice that the crystal is
formed within 2 s and is fully formed in 6 s. It was noticed that the
colloidal crystal reached a maximum diameter of around 10 pm, as it is
shown in Visualization 1. Although the laser was on for up to 30 min,
the colloidal crystal did not increase its size, even if the particle con-
centration was increased. In fact, one can observe that some micropar-
ticles approached the crystal but did not stick to it.

To understand the limited size of the colloidal crystal, the velocity of
the convective current that drag the particles is analyzed from the nu-
merical simulations. Fig. 4(a) shows the transversal drag force gradient
(Fy = 6ruRu), associated with the convective current’s velocity profile
(u) perpendicular (we chose 0.5 pm above the substrate because of the
particles radius) to the beam propagation. Note that for r > 40 pm the
drag force is negligible, then reaches its peak at ~ 5 pm and finally finds
a minimum around r = 0 (See Fig. 4(a)). Since the velocity profile is
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spatially varying, so does the drag force. Note that the force is zero atr =
0, so if the particle moves to either the left or right, there will be a
restoring force that attracts the particle back to its original position, i.e.,
we can associate a potential well to the drag gradient force in analogy to
the optical gradient force [17]. Fig. 4(b) shows the potential well
calculated from the linear region of the drag gradient force exhibiting a
parabolic shape. From the analysis of Fig. 4(a-b), we can foretell that the
particles will tend to self-assemble around the minimum of the potential
well that extends radially approximately between —5 pm < r < 5 um, i.
e., 10 ym of diameter, in agreement with the experiment. Therefore, the
spatial extension of the monolayer colloidal crystal is determined by the
spatial extension of the potential well.

Once the colloidal crystal was formed, 2D manipulation of the crystal
was accomplished by moving either the translation stage or the laser
spot, as shown in Visualization 1. If the laser is turned off, the
convective currents disappear i.e., the trapping potential disappears and
the electrostatic repulsion force and Brownian motion of the micropar-
ticles rapidly destroy the monolayer colloidal crystal. It was reported
theoretically, that a monodisperse colloidal system of N particles under
the influence of a parabolic potential well, such as the one shown in
Fig. 4(b), can assemble in different stable configurations such as square,
triangular, or a mix of both [19]. The configuration depends on the
nature of the particles’ interaction, which is a combination of a hard-
core interaction within a distance of 2R, with R being the hard-core
particle radius, and a softcore repulsion within a distance r > 2R.
Using a homemade MATLAB code, the angle between the centroid of a
particle and the centroid of its neighbors!® (distance between neigh-
boring centroid < 2.6 particle radius) was measured and it determined
that the crystal always assumed a triangular configuration (see Fig. 5).
The crystals show a stable configuration even while is being
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Fig. 4. (a) Transversal drag force gradient associated with the transversal convective currents profile at 0.5 um above the Ti thin-film, extracted from numerical
simulations performed with COMSOL Multiphysics. (b) A potential well is obtained from the linear region of the transversal drag force shown in (a).
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Fig. 5. (a) Silica microparticles self-assembled in a monolayer colloidal crystal
employing a power of 3.1 mW, extracted from Visualization 1; (b) The
triangular configuration of the monolayer is always obtained.

manipulated except for particles around its border.

When the colloidal crystal is formed, the mean displacement of the
constituent microparticles decreases due to the inter-particle interac-
tion. This was assessed by calculating the diffusion constant from the
median square displacement (MSD). According to the literature [20],
MSD = 2Dt, where ¢ is time and D is the particlés diffusion constant.
Fig. 6 shows the MSD of a microparticle around the center of the crystal
(Fig. 5) when the crystal is fully formed and one second just after the
laser is turned off. We notice that the diffusion constant increases from
0.2 pm?/s to 0.35 pm?/s, while the diffusion constant of quasi-isolated
particles is ~ 0.8 pm?/s. This indicated that the Brownian motion and
the presence of a repulsive force (probably due to surface charge on the
microparticle) destroy the crystal.

In the absence of the hydrodynamic dragging forces, the stability of
the colloidal crystal is determined by the balance between short-range
attractive van der Waals forces and long-range repulsive electrostatic
forces. Too high repulsive potential barrier may prevent the particles
from getting closer to forming an ordered structure. In the opposite case
of too low repulsive barrier (or no barrier at all), an attractive force may
lead to particle agglomeration and sedimentation. The relative magni-
tudes of these forces can be tuned by changing the surface charge of the

4 T T T T T
O Potential on
O Potential off
34| & Quasi-free particle .
D =0.8 um?/s
i
24 ]
E D =0.35 um?*/s
%)
p=
1 s
0- 2

0.0 0.5 1.0 15 2.0 2:5

Fig. 6. Particle’s diffusion constant of silica particles in distilled water. The red
circles represent the tracking of a particle near the center of the crystal, the blue
squares the same particle almost immediately after the laser has been turned off
and the magenta triangles represent a quasi-isolated particle. Solid lines are
linear fits to the experimental data. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article).
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particles and/or by screening the potential caused by these surface
charges. Next, we will consider how this tuning can be achieved by
changing the acidity of the solution.

The amount of surface charges is controlled by the interplay of the
microparticle’s surface chemistry and that of the surrounding solution.
It is well known, that the SiO, surface reacts with water to form a layer
of silanol (SiOH) groups. These groups can be either positively or
negatively charged depending on the acidity of the solution. It is mainly
assumed that silanol groups on the silica surface are protonated for pH
< 2 and fully deprotonated for pH > 4 [21-23]. Thus, it is reasonable to
assume that silica particles are positively charged in water for a pH
value < 2 and negatively charged at a pH value > 4 [24]. For pH values
in between there are mostly Si-OH groups on the surface, hence, the
surface is globally neutral (this is the so-called point of zero charge) and
the repulsive electrostatic forces between the particles are negligible. In
this regime, the system is most unstable, since short-range attractive van
der Waals forces become dominating, which leads to colloid particle
aggregation. When the pH value increases (pH > 4), the surface negative
charge increases, and long-range electrostatic repulsions become more
and more important.

Note, that pH modification also affects charges on the titanium sur-
face which is covered by a thin native oxide layer (mainly amorphous
TiOy) due to the passivation by oxygen from the air, which is about 3-7
nm thick [25]. Like SiOs, this surface is highly hydroxylated and when it
gets in contact with water, both positive and negative charges are
formed. However, in contrast to SiO», the point of zero charges for TiO;
lies between 5 < pH < 6.6 [26].

The excess of charge on the particle surface in aqueous solutions
gives rise to an electrical double layer as counter ions in the adjacent
solution rearrange to screen the charge. The structure of the electrical
double layer takes the form of a charged surface layer and an outer Stern
layer, consisting of a film of counter ions around the microparticle
surface. Outside the Stern layer, there is a diffuse layer of positive and
negative ions, screening the net surface charge over a characteristic
Debye length Lp [27]. The Debye length determines the distance from
the particles surface where the electrostatic potential, is reduced to 1/e
of its initial value. The Debye length depends on the counter ions con-
centration (in bulk) c as the inverse square root, LDo<(c)71/ 2, At a small
concentration of ions surrounding the microparticle, (i.e., low ionic
strength of the solution) the Debye screening length is large and the
electrostatic repulsive forces are dominant, preventing particle aggre-
gation [28]. On the opposite case of high counter ions concentration (i.
e., high ionic strength of the solution), the Debye length is small, hence
electrostatic repulsion is effectively screened. In this situation, particles
can overcome the repulsive potential barrier and fall in the van der
Waals attractive potential which leads to particles agglomeration. Usu-
ally, the ionic strength of the solution is modified by adding ionic salts
(e.g., NaCl), however, changing the acidity also affects the concentration
of counter ions or charged species in the colloidal suspensions [29,30].
When the pH is very low (i.e., the solution is strongly acidic) or very high
(i.e., the solution is strongly basic), the ionic strength of the solution
increases [31,32]. To investigate the pH influence on the formation of
circular-shape monolayer colloidal crystals and their manipulation, we
prepared colloidal suspensions with different pH values ranging from 1
to 11.

At low pH values (pH = 1.5, not shown in Fig. 7) fast sedimentation
of the particles over the Ti-thin film was observed such that no manip-
ulation of the microparticles was possible. In this pH range both, par-
ticles and Ti substrate are positively charged. However, sedimentation
and consequent adhesion to the Ti substrate can be explained by the fact
that a very acidic solution possesses high ionic strength. Therefore, the
Debye length is reduced so much that the van der Waals force governs
both the inter-particle interactions and the Ti-microparticles
interactions.

At pH = 3, some silica particles still adhere to the Ti thin film,
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Fig. 7. Diffusion coefficients as a function of pH concentrations extracted from Visualization 2. For pH ranging from 3 to 7, self-assembly and manipulation were
possible whereas, for 9 and 11, only manipulation was observed. See Visualization 2.

whereas others can be dragged by the convective currents, i.e., hydro-
dynamic drag forces. These particles exhibit a strong tendency to
aggregate without a well-defined structure. However, agglomerated
particles may still be manipulated. Particles’ agglomeration and ease of
the manipulation in this acidity range occur due to the action of drag-
ging force and the absence of repulsion since most of the particles are
globally neutral (few positively charged particles stick to the substrate).
However, in the absence of the repulsion forces, no assembly of ordered
monolayer is possible. On the other hand, being neutral, the particles are
laying upon the positively charged substrate and the dragging force is
less efficient, both due to the friction and reduction of the dragging force
in the proximity of the substrate/water interface.

At pH = 5, more silica particles are gathered by convective currents
until they aggregate forming a structure with a small degree of order of
particles in the center and disordered/non-perfectly formed areas at the
edges, as is shown in Visualization 2. In this pH interval microparticles
possess a small negative charge, so the interplay of the repulsive forces
and dragging forces (both long-ranged) initializes the formation of or-
dered arrays. On the other hand, the Ti substrate is mostly neutral, and
the dragging force is less efficient again.

The case of neutral solution at pH = 7 seems to be the optimal
condition for the formation of a stable, highly ordered monolayer of the
colloidal crystal. Increased negative surface charge together with large
Debye length (low ionic strength) provides effective electrostatic
repulsion, preventing particle’s aggregation. On the other hand, the
dragging force potential well maintains the particles trapped preventing
the spreading of particles due to thermal motion and electrostatic
repulsion. It is worth to mention, that the obtained monolayer can be
easily manipulated and displaced as a whole without perturbing the
structure.

At pH = 9, the particles do not come into contact indicating that due
to the increased negative surface charges, electrostatic repulsion forces
are now dominant relative to the joint action of van der Waals attraction
forces and hydrodynamic dragging forces. Finally, at higher pH values
(> 9) Fig. 7, the silica particles seem to be able to gather again (though
in a disordered manner). This might occur due to the increased ionic
strength of the solution in the high pH end, thus reducing the Debye
screening length, and increased repulsion is now partially compensated

by more effective screening.

Both surface charge and the presence of extra ions in the solution
may affect the diffusion of the colloidal particles [28]. By tracking the
displacement of the particles, the diffusion constant, D, of the colloidal
particles immersed in the aqueous solution at different pH values was
measured. One can see that the particle’s diffusion coefficient is almost
unchanged at low pH values indicating that they are effectively confined
in a potential well created by convective currents. However, at pH 9 the
diffusion coefficient increases sharply, and its value is close to that of the
free (non-confined) particle, indicating that electrostatic potential en-
ergy is higher than the depth of the potential well created by the drag-
ging force gradient. For pH > 9 higher ionic strength causes a reduction
of the Debye length and therefore a more effective shielding of the
original charge of the particle leading to a decrease in the diffusion
coefficient.

Finally, it was possible to build a much larger monolayer of colloidal
crystal with an array of trapping spots. For this experiment, the con-
centration of the working colloidal solution was increased 3 times. To
achieve this, one single spot assembled a ~ 10 pm diameter monolayer
colloidal crystal until it stopped growing. Once this was achieved,
another beam was placed at a distance 2 times the radii of the previous
monolayer colloidal crystal. This again created a crystal that was pieced
together with the previous one. This can be performed several times
depending on the desired size. In this experiment, the total number of
spots used was 6, forming a monolayer colloidal crystal with dimensions
~ 30 pm x 20 pm, as shown in Fig. 8. Defects and configurations other
than the triangular structure can be observed along the boundaries of
the individual colloidal crystals, however, by decreasing the spacing
between spots it is possible to reduce or even eliminate them.

5. Conclusions

In summary, we have presented a simple, yet effective technique to
create and manipulate a 2D circular-shape monolayer colloidal crystals
of silica particles under convective currents induced by light absorption
from a CW at low optical power. Using numerical simulation, we obtain
a potential well associated with the convective currents that determines
the radial spatial extension of the monolayer colloidal crystal. By
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Fig. 8. Assembly of a larger crystal by the inclusion of 6 laser beams (indicated
by the red cross). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article).

changing the pH of the solution, we modulated the inter-particles and
particle-substrate interaction forces (i.e., van der Waals and electro-
static forces). The tunning of the inter-particles forces allows us to find
the conditions with the enhanced stability of the colloidal crystal leading
to the creation of the well-ordered colloidal particle monolayer which
can be easily manipulated. Finally, we show the generation of a much
larger well-formed monolayer colloidal crystal by employing an array of
six laser spots creating a monolayer colloidal crystal of 600 um? (30 um
x 20 uym). This technique neither requires chemical particle modifica-
tion nor UV curing nor a long process time to create the colloidal crys-
tals, besides it may allow real-time dislocation corrections. Therefore,
our proposal means both non-contact and non-invasive approaches to
address the problem of the colloidal particles ordered 2D arrays
assembling.
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