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—The formation of structured films consisting of ensembles of micro- or nanoparticles and possess
ing preset functional characteristics is studied both experimentally and theoretically. The films are obtained
by drying out droplets of colloidal solutions on a solid substrate under the acoustic effect produced by a stand
ing SAW field.
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A b str a c t

IN T R O D U C T IO N
Ordered ensembles of micro- and nanoparticles
obtained by the method of self-assembly from colloi
dal solutions form structures of the type of photonic
crystals. They are used in optical devices, chemosensor elements, flexible protecting layers for light-emit
ting diodes, etc.
The self-assembly in the course of solvent evapora
tion occurs owing to capillary forces, which displace
the particles in the near-surface layers of the solution
as the volume of the latter decreases. By presetting the
external parameters of the process (pressure, temper
ature, and humidity) and its internal parameters (con
centration of the solution, materials of the substrate
and the particles, type of the solvent, and size and
shape of the particles), it is possible to affect the result
of the self-assembly, namely, the morphology of the
solid phase.
A droplet drying on a substrate represents an open
dissipative system in which self-organization processes
occur in the course of the solvent evaporation [1] and
the dissolved substance may crystallize or settle by
forming ordered solid structures [2]. The dynamics of
droplets drying within time intervals from tens of
hours to fractions of seconds (depending on the drop
let size, from a centimeter to several tens of microns)
has been investigated in [2—9].
From the point of view of technological applica
tions, it is important to control the nanoparticle order
ing process. For this purpose, it is possible, for exam
ple, to use structured substrates with a surface relief,
which can be made by plasma etching or laser lithog
raphy. In the latter case, the characteristic scale of the
relief is determined by the optical wavelength and is
usually on the order of 1 pm. Another method consists
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in depositing the initial layer of nanoparticles on the
substrate. In this case, the relief of the initial layer
depends on the type of packing and the size and shape
of particles. The second layer is deposited on the initial
layer. The particle arrangement in the second layer is
determined by the relief of the initial layer and by its
adhesion to the substrate; however, the second layer
may cause some molecule displacements in the initial
layer.
These methods of control do not involve applica
tion of external fields and can be called “passive”
methods. A n example of an “active” method is the use
of a rotating substrate (spin coating or centrifugation).
This method uses the inertial forces to make the parti
cles form a film that is smoother and more homoge
neous in thickness.
The application of an acoustic field is the next step
in the development of self-assembly control methods.
Although the acoustic field has been much used for
structuring various solutions [10, 11], its use for con
trolling the self-assembly processes in a droplet of a
colloidal solution represents a new approach [12, 13].
The application of the acoustic field is expedient
for the following reasons [14].
(i) Self-assembly can be intensified by the vibration
effect on both the particles and the substrate. When
the drying solution is shaken, the mobility of nanopar
ticles increases and the formation of a denser packing
is more probable.
(ii) A field with a complex configuration can be
obtained, e.g., by exciting a standing acoustic wave. In
this case, the ensemble of particles is separated into
groups with reduced and increased numbers of parti
cles, which allows the formation of ordered structures.
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Fig. 1. Particle interaction forces in a droplet: (a) the liquid-air interaction (a spherical segment) and the displacement of parti
cles in the course of evaporation, (b) the interaction force between the particles and the surface layer of the droplet, and (c) the
interaction of the particles with the substrate [3].
(iii) A d irectional tran sp o rt ca n be created; i.e., the
particles can be transferred from one p a rt o f th e sp ec
im en to another.
(iv) T h e wavelength an d th e intensity o f acoustic
waves can be varied over w ide lim its so as to optim ize
th e acoustic effect an d to create structures w ith preset
properties.
In this paper, we investigate th e possibilities o f the
fo rm atio n o f o rdered structures from n anoparticles as
a result o f th e self-assem bly process th a t occurs u n d e r
th e effect o f acoustic vibrations. Special atten tio n is
p aid to d eterm ining th e factors th a t affect th e p a ra m 
eters an d th e quality o f th e resulting specim ens, as well
as to th e ch oice o f th e optim al configuration o f the
experim ental setup.
In o u r study, th e acoustic effect o n a droplet is p ro 
duced by a standing surface acoustic wave (SAW)
excited in th e solid substrate.

th e solvent, w hich is characterized by th e m ean d e n 
sity, viscosity, an d perm ittivity. In a colloidal solution,
a particle experiences th e effect o f the following forces
[3]: th e resultant conservative force acting from th e
side o f o th er particles, the in tera ctio n force betw een
th e particle an d th e substrate, th e capillary force
responsible for th e in tera ctio n o f th e particle w ith th e
s o lu tio n -a ir interface, an d th e force th a t is caused by
th e in teractio n w ith the solvent an d depends o n th e
viscosity an d th e density ratio betw een th e particle and
th e solution (Fig. 1). In th e presence o f an external
field (the acoustic field in th e case u n d e r study), the
corresponding force should be included in th e eq u a
tion.
Thus, th e m o tio n o f any i th particle is described by
th e Langevin equation
m d t = £ Fij + Fd + F * + F ,
j

THEORY
F o r th eo retical description o f th e system u n d er
study, it is necessary to analyze th e following p ro 
cesses.
(i) E vaporation o f a droplet o r a film o f a colloidal
so lu tio n o n a flat substrate. T he droplet o f a given size
has th e shape o f a spherical segm ent th e p aram eters o f
w h ich are determ ined by th e w etting angle o f th e solu
tio n o n th e substrate. T he evaporation o f th e solvent is
caused by diffusion o f th e solvent vapor from th e d ro p 
let surface to th e atm osphere.
(ii) T h e m o tio n o f nanoparticles inside a n evapo
rating sessile d ro plet o f a colloidal solution u n d e r the
effect o f th e acoustic field.
To describe th e m o tio n o f colloidal particles in a
viscous m ed iu m (liquid), th e a p p ro ach based o n dissi
pative particle dynam ics has b een developed [3, 15].
T his ap p ro ach is analogous to th a t o f m o lecular
dynam ics, but, instead o f m olecules, it considers
n an o particles m oving in a continuous m edium , i.e.,

(1)

w here, o n th e left-h a n d side, we have th e p ro d u c t o f
th e m ass o f the i th particle m = (4 /3 )n R 3pp by its
acceleration; o n th e rig h t-h an d side, one c a n see the
sum o f conservative forces acting o n th e particle

£

F j , the dissipative force FD, th e ra n d o m B row nian

force F *, an d th e external force F.
T he first te rm o n th e rig h t-h an d side o f Eq. (1)
describes th e in tera ctio n o f particles w ith one a n o th er
an d w ith th e interfaces (Fig. 1). T he second te rm is o f
hydrodynam ic an d kinetic origin: it describes th e
in tera ctio n o f a particle w ith th e solvent, namely, th e
viscous friction an d the particle en tra in m e n t by th e
solvent flow. T he B row nian force F b is caused by th e r
m al m o tio n an d has a G aussian distribution w ith zero
m ean an d w ith th e m ean square deviation determ in ed
by th e form ula
(

i) = 2 к ц а к Т / т.
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Here, k is the Boltzmann constant, T is the tempera
ture, a is the particle radius, т is the step in time, and
П is the viscosity of the solution. The last term on the
right-hand side of Eq. (1) is responsible for the exter
nal forces applied to the particle. In our case, this is the
force generated by the acoustic field.
The colloidal particles in an aqueous solution used
for self-assembly often acquire a surface electric
charge (positive or negative, depending on the proper
ties of molecules on the particle surface) and an ion
sheath compensating this charge. The interaction of
such particles in the far zone is described by the par
tially screened Coulomb repulsive potential, whereas,
in the near zone, Van der Waals intermolecular forces
predominate.
Because of the Coulomb repulsion, the particles
tend to separate from each other in the solution; how
ever, if they collide, they may form complexes.
The approach that corresponds to the classical
Deryagin—Landau—Verwey—Overbeek theory [16—
19] describes the electrostatic interaction by the
Debye—Hhckel potential
Udh( r) = -exp (- X r ),
r

X 2 = - у - е 2Y z 2n m.
880 k l

Here, - is determined as
2 2 ,c =

exp(Xi?)~|2
ze
4 Л88, . 1 + X / M ,

where X is the inverse Debye screening length, which
depends on the ionic strength of the solution; ze is the
average electric charge corresponding to a particle; 8 is
the relative permittivity of the solution; 80is the dielec
tric constant (in the SI system of units); and n i0 is the
concentration of ions of the i th type in the solution.
For the dispersive attraction force potential inte
grated over the atoms of the interatomic potential, the
following expression was proposed [19]:
2
A
4r
VDW = u HS '
2 2
-

U

1 2

r - a

+

( 2 a

2

l n

| 1

-

a

) 2

where r is the distance between the particle centers, a
is the particle radius, A is the Hamaker constant, and
U hs is the potential of a rigid sphere.
Let us consider in more detail the external force
due to the acoustic action (Fig. 2).
Piezoelectric elements (interdigital transducers)
generate surface waves propagating in opposite direc
tions and forming a standing wave. As a result, in the
droplet, rapidly oscillating (usually, at frequencies of
10—100 M H z) pressure and oscillation velocity fields
are formed with fixed positions of nodes and anti
nodes. The average acoustic pressure within the oscil
lation period is zero, and, therefore, slow motions and
grouping of particles occur under the effect of radiative
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Fig. 2. Droplet of the solution in the acoustic field: (1) the
droplet surface, (2 ) the piezoelectric elements generating
the acoustic field, and (3) the standing acoustic wave.
forces [20], which are quadratic in the acoustic vari
ables:
F = T
I

d

{

“Г

x kVc p

{

P '2 ) 5 ik +

P

(

u iuk>) .

(2)

J

Here, p’ and ui are the acoustic pressure and velocity
fields and c, p, and 8 are the velocity of sound, the den
sity, and the nonlinearity parameter of the medium.
The angular brackets denote averaging over the fast
time, i.e., the period of the acoustic wave. To calculate
the radiation pressure under the experimental condi
tions, it is sufficient to calculate the acoustic fields in
the linear approximation.
For simplicity, we replace the actual droplet on a
solid substrate by a plane liquid layer. The substrate
occupies the half-space z > 0, and the layer occupies
the region —h < z < 0. The x axis is directed along the
interface. The idea of calculating the acoustic fields in
such a system was described in [22, 23]. It is as follows.
When a surface wave propagates along the interface,
acoustic fields are formed in both media. In the liquid
layer, the field is represented by two longitudinal waves
the wave vectors of which have opposite directions of
their projections on the normal: upward and down
ward. In the solid substrate, the field is formed by the
combination of longitudinal and transverse waves of a
special type. These four components of the acoustic
field are determined from the corresponding wave
equations, the solutions of which are related by four
boundary conditions.
Three conditions are set at the boundary between
the substrate and the liquid layer at z = 0. They include
the equality of vertical displacements in the two
media; the equality of normal stresses (the stress ten
sor component is identical to pressure with the minus
sign: zz = —p ), and the zero value of tangential
stresses in the solid (the liquid is assumed to be ideal).
The fourth condition is set at the upper (free) bound
ary of the liquid layer: at z = —h, the acoustic pressure
is p' = 0.
Substituting the solution for traveling waves in
these conditions, we obtain the dispersion equation for
the velocity of the surface wave:
a

k 2q s -

'

(

k + s2)

2

r" tan rh)

=

(

p

V

r* t a

n h

((r* h).
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The upper row on the right-hand side corresponds to
such a solution to the dispersion equation that the
wave velocity in the system c is greater than the velocity
of sound in the liquid c0 and smaller than the velocities
of the longitudinal ct and transverse ct waves in the
solid: c > c0, c < ct < ct. The lower row on the right-hand
side corresponds to the wave velocity smaller than the
velocity of sound in the liquid: c < c0. In addition, r =
ir*, r* = J k 2 - k l . Here, we used the following nota
tions: k = ю/c is the horizontal component of the wave
number of the surface wave; k0 = ®/c0, k t = ю/c;, and
k t = ю/^ are the wave numbers of traveling waves in the
liquid and in the solid; q2 = k2 —k ] , s 2 = k2 —k , and
r 2 = k0 —k2; h is the thickness of the liquid layer; and
p0 and p are the densities of the liquid and the sub
strate, respectively.
The expression for the acoustic field potential in
the liquid layer has the form
. q k
ф

=

- г ю

r z

t

-

'

rk2

+

s i n
(
--------------—

s2

c o s

h

+
)
---------------- e

rh

- t( < a t - k x ) .
A,

(3)

where A is an arbitrary amplitude. Knowing poten
tial (3), we can easily determine the oscillation veloc
ity u = Уф and the acoustic pressure p' = гюр0ф.
If two opposite waves of type (3) are excited in the
system, a standing surface wave is formed with the
potential
ф

=

-

гю А 2

q

k -

2 2

r k +s

s
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+
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) c O S

kxe- i a
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Now, we can calculate the oscillation velocity and
acoustic pressure fields; then, using Eq . (2), we
determine the radiation force. The force proves to be
a potential one. It can be represented in the form F =
—У U, where
U

— = (s U0

1

k2

) —[ cos2 r(z + h ) -

1

] cos2 k x - cos2 k x

r

+ (s -

1)

U0 =

2 +2kr r
Po

cos2 r (z + h ),

2 юд

(4)

2

—i

cosr h k 2 + s )

Potential (4) depends on both horizontal and vertical
coordinates. A t a fixed horizontal coordinate, the
potential reaches its minimum at the lower boundary
of the layer. The potential reliefgiven by Eq. (4) is peri
odic along the substrate with the period x * = n / k =
c / 2f , which makes half of the acoustic wavelength.

Thus, we calculated the potential (Eq. (4)) of radi
ation forces acting on a liquid volume element. How 
ever, we are interested in the force acting on the parti
cles suspended in the liquid. If the size of these parti
cles is sufficiently large, they will experience radiation
pressure of other origin related to the anisotropic scat
tering of the acoustic field [24, 25]. It is known that the
intensity ratio between the scattered field and the inci
dent wave is on the order of (R /L )4 [20], where R is the
particle radius. In the case of small particles, the scat
tering is weak and the particles themselves are almost
completely entrained by the liquid. For example,
under the conditions of one of our experiments, where
polystyrene particles with a radius of about 1 0 0 nm
were used and the wavelength at a frequency of
15 M H z was 240 pm, the scattered field was on the
order of 10-13. Hence, the predominant mechanism
acting on the suspended particles was their entrain
ment by the liquid, which was set in motion by radia
tive force (4).
It can be shown [13] that, if the densities of a parti
cle and the medium are close to each other, their
velocities are approximately identical and the particle
displacement with respect to the liquid is approxi
mately zero. Since the time average displacement of
the liquid under the acoustic action is zero, the parti
cles suspended in the liquid will not be shifted in space.
However, the motion in the field of radiation forces (4)
is more complicated. The sound field generates hydro
dynamic flows in the droplet, and these flows entrain
the suspended particles. The particles are grouped
under the effect of the acoustically induced convec
tion, which to a considerable extent determines the
morphology of the ordered structures formed on the
substrate after the liquid dries out. In large droplets
and thick films, the development of instabilities violat
ing the contrast of the resulting structure is possible.
Additional streaming due to shape oscillations of the
droplet may also arise [26].
C O M P U T E R S IM U L A T IO N
On the basis of the physical model described above,
a computer program was developed for numerical sim
ulation of the self-assembly of nanoparticles in the
acoustic field. We calculated the multidimensional
trajectory of the system (the ensemble of particles) r;-=
r(t), i = 1, 2, ..., N . We analyzed both the self-assembly
process and its result: from the initial state to the ter
minal state at t = tmax.
The time of calculating the evolution of the system
from initial to terminal state strongly depends on the
number of particles in the system. The acceptable time
of calculation by an ordinary PC allows tracing the
motion of several hundreds of particles. In this case, it
is possible to reconstruct the main features of the
acoustic effect on microdroplets containing relatively
small numbers of particles.
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Fig. 3. Visualization of the distribution of 300 particles on the substrate according to the data of the numerical experiment: with
out the acoustic field (left) and in the presence of the acoustic field (right).
Figure 3 shows the results of calculations for an
ensemble of 300 silicon dioxide particles with a diam
eter of 1 pm each; the patterns are formed as a result of
drying of a droplet with an initial volume of 40 pl in the
absence of the external field (left) and under the con
trolling acoustic action (right). Visualization was per
formed using the V M D 1.8 program open to users. The
diameter of the ensemble is 100 pm. One can see that,
in the absence of acoustic action, a characteristic cir
cular structure is formed with the density of particles
increasing steadily toward the center. N o ordering
with formation of a preferential direction is observed.
Under the effect of the external acoustic field, the
structure is radically different. A nonuniform distribu
tion of particle concentration appears in the direction
of acoustic field variation: one can see regions where
particles are scarce and regions where most of the par
ticles are concentrated. The particles are concentrated
around the minima of the radiation pressure potential.
The asymmetry of the structure is related to the asym
metric orientation of the acoustic field with respect to
the droplet.

20 dB. The SAW wavelength at a frequency of15 M H z
was 240 pm. The studies were carried out in a contin
uous mode of operation. A source of radio signals gen
erated a continuous signal in the form of alternating
high-frequency voltage, which, after amplification to
1—10 V, was supplied to ID T 1 and ID T 2 . The fre
quency and amplitude of the voltage was monitored by
an oscilloscope. As a result of the propagation of two
surface acoustic waves in opposite directions, an
acoustic field in the form of a standing SAW was gen
erated. In the standing wave field, a droplet of a solu
tion containing suspended nanoparticles was placed.
The initial size of the droplet was about 5 mm. In the
experiments, we used aqueous solvents. As nanoparti
cle materials, we used polystyrene and silicon dioxide
(SiO2). The polystyrene particles had a density of
about 1.05 g/cm3, and the silicon dioxide particles,
about 2 g/cm3. We also studied a Ca2C O 3powder con
taining particles of different size: (1—3) pm. In the
standing wave field, the nanoparticles were grouped in
the regions corresponding to the minima of the radia-

T H E E X P E R IM E N T A L T E C H N IQ U E
A N D SETU P
The experimental setup used for studying the for
mation of nanoparticle ensembles is schematically
represented in Fig. 4. The sound channel (the SAW
line) was an optically polished YZ-c u t lithium niobate
crystal with interdigital transducers (ID T 1 and ID T2 )
on its surface. To provide the measurements in a wide
frequency range, several sound channels were used.
The SAW frequency was within 15—150 M H z , and the
loss due to the double conversion did not exceed
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Fig. 4. Schematic representation of the experimental
setup.
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Fig. 5. Са2СОз powder. The droplet diameter is 7 mm, the
solvent iswater, and the mass concentration ofthe solution
is 4%. The SAW frequency is 15 MHz, and the SAWwave
length is 240 pm. The distance between the maxima of the
structure is 120 pm.

Fig. 6. SiO2 particles with a diameter of 6pm. The droplet
diameter is 2.5—3 mm, the solvent is water, and the initial
mass concentration of the solution is 4%. The SAW fre
quency is45 MHz, and the SAWwavelength is 80 pm. The
distance between the maxima is 40 pm.
tion pressure potential. After the evaporation of the
liquid, on the surface of the sound channel we
observed ordered ensembles of nanoparticles with a
period identical to half of the SAW wavelength. An
optical microscope (O M ) mounted above the sound
channel and connected with the PC allowed us to visu
ally observe the formation of structures and measure
and record their geometric parameters.
E X P E R IM E N T A L R ES U LTS
Figure 5 shows a photograph of an ensemble of
Ca2C O 3particles deposited from the aqueous solution
in the standing SAW field with a frequency of15 M H z
and a wavelength of 240 qm. The size of the particles
varied within 1—3 qm. From Fig. 5, one can see that,
after evaporation of the liquid, a periodic structure
with a period of 120 qm is formed from particles on the
surface of the sound channel. Figure 6 shows the pho

tograph of an ensemble of silicon dioxide (SiO2) parti
cles formed after drying of an alcoholic solution in the
standing SAW field with a frequency of 45 M H z and a
wavelength of 80 qm. The particle size was 200 nm.
One can clearly see the structure with a period of
40 qm.
First of all, we note the coincidence of the experi
mental data with the main theoretical result: the spa
tial period of the structure formed from nanoparticles
is identical to half the acoustic wavelength. Thus, the
assumption that, in the presence of the acoustic
action, the main ordering factor is the radiation pres
sure in the liquid proves to be experimentally verified.
The structure consisting of Ca2C O 3particles that is
shown in Fig. 5 allows us to conclude that the forma
tion of an ordered structure is possible even for an
ensemble of particles widely scattered in size, the
period of the structure being still identical to half the
wavelength. However, the pattern is somewhat vague
and the lines are not smooth, which can be explained
by both the considerable scatter in size and the specific
features of interactions between the Ca2C O 3particles.
The use of particles of the same size (silicon diox
ide, Fig. 6) allowed us to obtain a clearly defined struc
ture. In addition, we observed a tendency toward for
mation of a more clear-cut structure with decrease in
the particle size and with the increase in the frequency
of the acoustic action. The results allow us to conclude
that a decrease in the particle size and an increase in
the SAW frequency lead to the formation of structures
with well-defined boundaries.
The maximal effect of the acoustic field was
observed for the particles the density of which was
noticeably different from the density of the solvent
(water).
The Ca2C O 3 powder showed sufficiently evident
results (Fig. 5). It was well sorbed on the substrate,
where the radiative forces are maximal. On the other
hand, for polystyrene particles with a density of
1.05 g/cm3, the effect of the acoustic field was less pro
nounced. The density of the silicon dioxide particles
was almost twice as great as the density of water,
although the presence of pores in these particles
slightly reduced their effective density. In this case, a
perfectly clear structure was formed (Fig. 6).
C O N C L U S IO N S
We experimentally demonstrated the possibility of
an acoustic control of the self-assembly process in an
ensemble of colloidal particles. The control was
implemented by varying the configuration and inten
sity of the acoustic wave and also by varying the prop
erties of the particles and the solvent. The experimen
tal data agree well with the conclusions of the physical
model developed for describing the process and with
the results of computer simulations. The model
explains the basic properties of the resulting struc
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tures, such as the spatial period and the dependence of
the acoustic effect produced on the particles on the
density ratio between the particles and the solvent.
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