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Micrometer-sized particles in a two-dimensional self-assembly during drying of liquid film
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We computed the self-organization process of a monodisperse collection of spherical micrometer-sized
particles trapped in a two-dimensional thin liquid film isothermally dried on a chemically inert substrate. The
substrate is either flat or indented to create linear stripes on its surface. The numerical results are illustrated and
discussed in the light of experimental ones obtained from the drying of a water-based suspension of diamond
particles (dsop=10 wm) on a glass substrate. The drying of the suspension on a flat substrate leads to the
formation of linear patterns and small clusters of micrometer-sized particles distributed over the whole surface
of the substrate, whereas the drying of the suspension on an indented substrate leads to the aggregation of the
particles along one side of the stripe which has a higher roughness than the other side of the stripe. This is an
easy experimental way to obtain colloidal self-organized patterns.
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I. INTRODUCTION

The fabrication of self-organized three-dimensional (3D)
crystals like opals [1-3], 2D dense monolayers or patterns
[4-7] of micrometer- and more recently nanometer-sized
particles is an intense field of scientific research.

In this paper, we focus on the 2D patterns formed after the
horizontal drying of a thin liquid film containing micrometer-
sized particles. Generally speaking, the self-organization of
particles trapped in a 2D thin liquid film is induced during
the last stage of drying through the action of lateral capillary
forces. As reported by Paunov [8], those forces are analogous
to electrostatic interactions and “result from the overlapping
of the liquid surface deformations around the particles.” The
liquid surface deformations appear when the particles are no
longer covered but surrounded by the liquid film at the last
stage of drying. The overviews of Kralchevsky et al. [9,10]
and Nagayama [11] point out that these interactions are fun-
damental to understand the self-patterning mechanisms of
particles trapped in a 2D thin film dried on a substrate in
most cases. However, the self-patterning processes of par-
ticles submitted to lateral capillary forces can be balanced by
the interactions between the particles and the substrate. For
example, the lateral capillary forces can be correlated with
particle-substrate electrostatic interactions. Indeed, Aizen-
berg et al.[15] and Huwiler er al. [16] succeeded in creating
original 2D patterns of polystyrene microspheres and silica
nanoparticles through template recognition processes using
chemically prepatterned substrates (lithographically modified
substrates). Moreover, Thill and Spalla [12] demonstrated
that the adhesion force between a-Al,O particles and a mica
substrate can overcome the effects of lateral capillary inter-
actions and stick the particles on the surface of the substrate.
The adhesion force (L) which appears when a particle is
deposited on the surface of a substrate might induce friction
forces (F) through the classical Amontons law [13] F=pulL,
where u is the friction coefficient. In particular, Hu et al.
[14] demonstrated that low friction forces between silica
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nanoparticles (dso=25 nm) moving on a silicon substrate are
a key point in reaching a well-distributed self-ordered 2D
particles’ close packing on the surface of the substrate at the
end of drying.

However, despite many experimental results on particle
self-organization, few theoretical models have been reported
in the literature to describe dynamically the physical phe-
nomena occurring during the drying of a thin liquid film
containing micrometer-sized particles. Popov described the
drying stage of a colloidal suspension droplet on a substrate
through a complete analytical model [17], Reyes and Duda
studied the geometrical properties of polymer colloidal par-
ticle monolayers synthesized from the drying of a colloidal
suspension by a Monte Carlo approach [18], and Jarai-Szabd
et al. proposed a spring-block stick-slip model to reveal the
self-ordering dynamics of polystyrene nanoparticles on a
glass substrate [19]. But, to the best of our knowledge, there
is no simple dynamic model able to describe the physical
events occurring during the drying of a thin liquid film con-
taining nanometer- or micrometer-sized particles.

Thus, the aim of our study is to propose a numerical
model that allows one to simulate the physical events occur-
ring during the drying of a thin liquid film containing
micrometer-sized particles, in order to characterize their dis-
tribution at the end of drying. The thin liquid film is horizon-
tally dried on a substrate which is either flat or indented to
create linear stripes on its surface. The stripes are made in
such a way that a rough area is also created on the border of
one side of each stripe. In this way, we will point out the
critical effects of lateral capillary forces and particle-
substrate friction forces on the self-organization process of
particles with regard to a rough area at the top of the sub-
strate and a stripe in the substrate. Therefore, we have devel-
oped a molecular dynamics algorithm that allows one to cal-
culate the trajectories of the particles by solving Newton’s
equation of motion across time during drying until the thin
film is fully dried. Moreover, we present a simple experimen-
tal procedure to illustrate the drying of a thin film on a sub-
strate either flat or indented.
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Roughness

FIG. 1. Scanning electron microscope image of the roughness of
the substrate on one side of a stripe. This rough part is created by
lateral diamond pen friction effects during the indentation of the
substrate.

Section II of the paper deals with the experimental proce-
dure while Sec. IIT describes the physical model involved in
molecular dynamics calculations. Section IV presents the nu-
merical results which are discussed in the light of the experi-
mental data.

II. EXPERIMENTAL APPROACH
A. Synthesis of micrometer-sized particle patterns

The particles are faceted diamond monocrystals with an
average diameter of 10 um. The experimental suspension is
made from 2 ml of a commercial water-based diamond sus-
pension (Buehler Metadi) diluted in 40 ml of distilled water.
The number of particles per unit volume in this suspension is
estimated as 107 particles for 1 cm?® of liquid. We used amor-
phous glass substrates (1< 1X 0.1 cm?) with an optical qual-
ity surface. The substrate is either fully flat or locally in-
dented with a diamond pen to create linear stripes on its
surface. The action of the diamond pen at the surface of the
substrate leads to the formation of a rough surface on one
side of the stripe. Figure 1 is a scanning electron microscope
image (Stereoscan 260, Cambridge, U.K.) which focuses on
the roughness of the substrate close to a stripe; Fig. 2 gives a
schematic description of the substrate next to the stripe. Af-
terward, the substrates are washed in soapy water before be-
ing cleaned under ultrasonic vibrations in water-acetone and
water-ethanol baths.

The glass substrate, either flat or indented, is deposited in
a container filled with 600 ul of the suspension. Then this
system is deposited in a drying oven whose temperature is
constant and equal to 60 °C. The container is removed from
the drying oven when the suspension is fully dried.

B. Optical microscopy analysis of the patterns

We used an optical microscope in transmission mode to
observe the micrometer-sized particle distribution on the sur-
face of the substrate after drying. Figure 3 is an image of a
collection of micrometer-sized particles obtained after drying
of the suspension on a flat substrate. One can see that the
particles are distributed over the whole surface of the sub-
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FIG. 2. Schematic representation of the stripe and the rough part
of the indented substrate from a top view (top) and section view
(bottom).

strate. This picture clearly shows particles which are either
isolated or aggregated in small clusters or interconnected
into linear patterns. Figure 4 is also a snapshot of a collection
of micrometer-sized particles obtained after drying but in the
case where the substrate is indented; the width of the stripe is
about three times the average diameter of the particles. This
picture shows that there is a dramatic effect of the rough
edge of the stripe on the distribution of the particles. We do
not observe small clusters or linear patterns any more but
some single particles distributed around a dense band of in-
terconnected particles located along one side of the stripe.
The width of this band is estimated to be equal to 4-5 times
the average diameter of the particles.

On one hand, Fig. 3 allows us to think that at the end of
the drying process (when the thickness of the film is lower
than the average diameter of the particles), the thin liquid
film breaks into several nonspherical drops more or less in-
terconnected [20]. Afterward, the particles which are located
in a liquid drop are submitted to a local confinement due to

FIG. 3. (Color online) Patterns of particles observed by optical
microscopy in transmission mode after drying on a flat glass
substrate.

061401-2



MICROMETER-SIZED PARTICLES IN A TWO-...

FIG. 4. (Color online) Patterns of particles observed by optical
microscopy in transmission mode after drying on an indented glass
substrate. Experimental evidence of a confinement effect along one
side of the stripe.

lateral capillary forces. They aggregate with their nearest
neighbors which leads to the formation of small clusters or
linear patterns when the surface of the substrate is flat.

On the other hand, one can see a dense band of particles
located along the stripe in Fig. 4. One can see that the ag-
gregation of the particles is not symmetric with regard to the
stripe. Thus, we cannot explain this tendency only through
the action of lateral capillary forces as those interactions are
isotropic. Therefore, friction forces, induced by the higher
roughness on one side of the stripe (Fig. 1) may be respon-
sible for the particles’ preferential location. Moreover, there
are not any particles inside the stripe. Indeed, as the thin
liquid film is dried on the top of the substrate but not inside
the stripe, the particles located next to the stripe are submit-
ted to stronger capillary interactions than the particles lo-
cated inside the stripe. Therefore, the particles do not stay
inside the stripe but are preferentially trapped on the rough
band next to the stripe where the action of friction forces is
enhanced by the action of lateral capillary forces.

III. NUMERICAL SIMULATION
A. Model of thin liquid film and substrates

The previous section introduced the dramatic effect of the
stripes on the distribution of the particles at the surface of the
substrate after drying. We propose a physical model to un-
derstand this difference. We used molecular dynamic simu-
lations at constant temperature (333 K, 60 °C) to solve New-
ton’s equation of motion in order to simulate the trajectories
of the particles as a function of time until the thin liquid film
is fully dried. The integration time step is Ar=10"10s

A numerical thin liquid film is simulated with a collection
of N=200 spherical particles of equal diameter d=10 um
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and mass m randomly distributed in a box of length 50d in
the x and y axes and height 2=d on the z axis at the begin-
ning of the calculation process. We suppose that there is no
displacement in the z direction, and the particles are trapped
in a 2D thin liquid film and move at the surface of the sub-
strate in the x and y directions. One can note that spherical
particles can either slide or roll or both at the surface of the
substrate. However, it is clear that the faceted experimental
particles slide on the surface of the substrate. Therefore we
assume that the virtual spherical particles slide without roll-
ing at the surface of the substrate, which induces particle-
substrate friction forces. In order to simulate the effect of
drying, the height % of the air-liquid interface is decreased
linearly at each step from h=d at the beginning to 7=0 at the
end of the calculation process. Therefore, the air-liquid and
liquid-solid interfaces of the film are characterized by the
(xx,y,h) and (x,y,0) planes, respectively. Whatever the kind of
substrate that is considered, we applied periodic boundary
conditions in the x and y directions.

The thin liquid film is dried either on a fully flat substrate
or on an indented substrate. In that case we introduce the
effect of the stripe. The defect (i.e., the stripe), located at the
center of the substrate, is represented by a rectangular band
of width 3d on the x axis, length 50d on the y axis, and depth
3d on the z axis. The particles located in this defect are
allowed to move in the three directions of space. As in ex-
periments, the enhanced roughness is only available along
the left side of the stripe. Therefore, we propose to simulate
the enhanced roughness on a border of the stripe by a friction
force induced by a higher local roughness with regard to the
other parts of the substrate. In order to simulate this rough-
ening effect on one side of the stripe, we introduce an area of
width 5d on the x axis and length 504 on the y axis, located
on the border of the left side of the stripe at the top of the
substrate, with a higher roughness than on the other parts of
the substrate.

Whatever the kind of substrate, the computation process
is stopped when 2=0 which implies that the particles located
in a stripe are still surrounded by the liquid medium. We do
not simulate the drying of the stripe because this stage has no
effects on the particle distribution characteristics at the sur-
face of the substrate.

B. Computation of the forces involved in the drying process

As the particles are very small, we suppose that the effect
of weight on their movement can be neglected in the whole
calculation process.

The particles which are in thermal equilibrium with the
liquid medium are submitted to Brownian motion which is
linked to a viscous drag force according to the fluctuation-
dissipation theorem. Those forces are valid for particles
moving at the surface of a substrate or inside a stripe. The
Brownian motion is modeled through a Gaussian random
force, uncorrelated either in space or in time, whose mean
with regard to time is expressed as follows:

(R0, = 2pTES1 - 1), (1)

where kjp is Boltzmann’s constant, T the absolute tempera-
ture, and ¢ (kg s™') the Stokes particle-liquid friction factor.

061401-3



F. LALLET AND N. OLIVI-TRAN

FIG. 5. Schematic description of the physical parameters in-
volved in the computation of the lateral capillary interactions for
two spherical particles of equal diameter trapped in a thin liquid
film.

As the particles are small and spherical, we assume that &
can be simply linked to the dynamic viscosity of the liquid
medium 7 (kg m~! s7!) through the classical Stokes law: &
=3mdn [21]. The last term & is the Dirac distribution func-
tion. We suppose that the liquid is pure water whose dynamic
viscosity is 7=0.5X 1072 kgm™' s~ at 333 K. In order to
compute the Brownian motion, the Gaussian random force
must be expressed through the formalism of Wiener:

F2(0) At = N6k TdnAW(7), (2)

where AW(z) is computed by a Gaussian random number as
(AW(1))=0 and (AW(r)AW(¢'))=At. The particle-liquid vis-
cous drag forces induced by Brownian motion are computed
with the Stokes formalism:

fi() == &v(t) == 3mdnu (1), (3)

with v,(r) the velocity of particle i at time ¢. The drying
process induces the decreasing of the thickness of the thin
liquid film and the particles located on a fully flat substrate
or outside the stripe of an indented substrate are not im-
mersed but surrounded by the liquid medium. Consequently
the Brownian motion and the viscous drag forces decrease
(the contact area between each particle and the liquid me-
dium is lowered). We suppose, for the sake of simplicity, that
the intensities of those forces decrease linearly at each step
of the calculation process which implies that d is replaced by
h in Egs. (2) and (3).

Particles that are trapped in a two-dimensional thin film of
liquid are subjected to lateral capillary forces (those capillary
forces are not relevant for particles located in the depth of a
stripe because they are surrounded by the liquid medium
during the whole calculation process). The lateral capillary
forces are computed with the following expression [15]:

. d
filr)=- WYF?Sin(¢C)2m, (4)

where ¥y (Nm™') is the surface tension of water y=73
%X 1073 N'm™" at 293 K, r. the radius of the liquid-solid con-
tact line, ¢, the mean slope angle of the meniscus at the
contact line, and r the separation length between the centers
of the particles. Figure 5 presents a schematic description of
the physical parameters involved in the calculation of the
lateral capillary interactions. The analytical expressions of r,
and ¢, are [15]

re=[h2R-m)]", ©)
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¢.= arcsin(%) -a, (6)

where R is the radius of the particle and « the wetting angle
at the three-contact line. From Fig. 1 it is clear that the cap-
illary forces are attractive as small clusters and linear pat-
terns of particles are formed; the particles are wetted by wa-
ter and the value of « is enclosed between 0 and /2 rad.
Therefore, to be consistent with the experimental system, we
chose a=0.7 rad (40°). The lateral capillary forces are spa-
tially limited in the calculation process. Indeed, it is clear
that the overlapping of the deformations induced by the pres-
ence of a particle is efficient only for its next neighbors
[from Eq. (4) one can see that f;(r) decreases if r increases].
Moreover, the action of capillary forces should be limited
between two particles closed with each other. Indeed from
Eq. (4) one can note that if »—0 then fj(r)—o. Conse-
quently, we chose to fix the attractive capillary forces to a
constant value when d=r=1.1d. We propose to compute the
lateral capillary forces with the following conditions:

if r>5d then fi(r)=0; (7)
. ). , d
if 1.1d<r=5d then fi(r) =— mwor.sin(¢,) 3
(r-d
()
ifd=r=1.1d then f{(r)=- Worzsin(@)zL.
! ¢ (1.1d - d)?
)

Finally, we consider the friction forces induced by the
roughness of the substrate. As previously reported, we mod-
eled the faceted particles of the real system by spherical par-
ticles in the virtual system which slide at the surface of the
substrate. Moreover, the particles are wetted by the surround-
ing liquid medium and pressed against the surface of the
substrate. Consequently, it is clear that the face of the particle
which is in contact with the surface of the substrate is re-
sponsible for particle-substrate friction forces. Thus, to be
consistent with the real system, the virtual particles are sub-
mitted to friction forces. Therefore, at the end of each calcu-
lation step, the total interaction supported by a virtual par-
ticle is expressed as

filr) = (1= 0L + (D) + £5(0], (10)

with @ a dimensionless particle-substrate friction coefficient.
For the sake of simplicity, we assume that if the particle
moves at the surface of a fully flat substrate or out of the
rough area of an indented substrate =0, whereas, if the
particle is located on the rough part of an indented substrate,
6=0.9. We chose a very high friction coefficient to point out
clearly the effects of particle-substrate friction forces on the
particle distribution between a flat and an indented substrate.

In conclusion, we consider that a particle i trapped in the
2D thin liquid film is submitted to Brownian motion ff’ (1),
hydrodynamic friction forces (particle-liquid friction forces)
expressed through the classical Stokes law f3(z), lateral cap-
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FIG. 6. (Color online) Numerical patterns of particles after dry-
ing on a flat substrate.

illary forces f;, and solid-solid friction forces (particle-
substrate friction forces) if the particle slides on a rough part
of an indented substrate.

IV. EXPERIMENTAL AND NUMERICAL RESULTS:
ANALYSIS AND DISCUSSION

Figure 6 is a numerical particle distribution which corre-
sponds to the final state of a numerical thin liquid film dried
on a fully flat substrate whereas Fig. 7 presents a numerical
particle distribution associated with an indented substrate.
One can clearly see that the calculations demonstrate a good
qualitative agreement with experimental data. Indeed, simi-
larly to Fig. 3, linear patterns, small clusters, and even single
numerical particles are observed in Fig. 6. Moreover, as in
Fig. 4, a dense band of numerical particles located on the
rough part of the substrate is observed in Fig. 7. Therefore,
whatever the kind of substrate, the physical model intro-
duced in Sec. III is consistent to describe the evolution of the
system until the thin liquid film is fully dried.

On the one hand, the numerical results point out that the
roughness effects are enhanced by the lateral capillary forces

0.0035
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FIG. 7. (Color online) Numerical patterns of particles after dry-
ing on an indented substrate.

at the end of the drying process. Indeed, as previously men-
tioned, the last stage of drying of a thin liquid film on a
perfect substrate leads to the formation of drops that are
more or less interconnected, which are responsible for the
small patterns of particles. This phenomenon is modeled in
the numerical approach through the action of lateral capillary
interactions which are spatially limited. Consequently, the
numerical particles can interact only with their nearest neigh-
bors to form small clusters or linear patterns at the surface of
the substrate.

On the other hand, the numerical results demonstrate that
the local roughness of the substrate and the friction forces are
relevant to simulate the confinement effect close to the stripe.
Whatever the case (real or virtual system), the lateral capil-
lary interactions cause the particles to stick to their very next
neighbors. In the case of a substrate with linear stripes, we
demonstrate that the confinement effect along one side of the
stripe is physically induced by friction forces.

Figure 8 shows the space correlation function of the par-
ticle distribution in real space:
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g(r) =N(r)IN,,(r), (11)

where N(r) is twice the number of pairs of particles at a
distance r and N,,,(r) is twice the total number of pairs. One
may see that, for distances enclosed between 1 and 4, the
density of presence of particles is larger in the case of an
indented substrate (bottom) than in the case of a flat substrate
(top). This means that the particles are preferentially agglom-
erated in some location, in our case a large number of par-
ticles are located on the left part the stripe. Moreover, one
may see that the density of presence in the bottom figure (for
abscissa lower than 50 corresponding to an interparticle dis-
tance of 50) is the signature of presence of stripes in the y
direction.

PHYSICAL REVIEW E 74, 061401 (2006)

V. CONCLUSION

We showed that the effect of roughness and thus of fric-
tion is enhanced by the action of lateral capillary forces. By
imprinting linear defects, where the roughness of the sub-
strate is larger, we obtained after drying of the thin liquid
film linear stripes of micrometer-sized particles. We
demonstrated that a rough surface at the top of a substrate
is a better way than stripes to confine the particles.
Experiments and molecular dynamic simulations are in good
agreement. This experimental method is an easy way to
obtain correlated patterns of faceted micrometer-sized
particles.
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