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Elucidating the formation process of 3-D arrays from submicrometer-sized particles is
a key to creating an optimal fabrication process of photonic crystals. In this research,
the spontaneous sedimentation of silica spheres is imaged by in situ confocal laser
scanning microscopy, and the dynamics is studied. When the pH is 7.0 and 10, the rate
of the formation process of a hexagonal structure is attributed to the transport of spheres
in the early stage of precipitation, and can be reproduced by a simple equation for
Langmuir-type adsorption, ignoring the desorption part. In a later stage, howe®er, the
rate becomes smaller. In the first layer, e®en after drying, the nearest two spheres are
separated, while maintaining a hexagonal structure. From the results, the formation
process of three-dimensional arrays from silica spheres is illustrated.

Introduction
Photonic crystals with periodic structures on the order of

the optical wavelength have attracted considerable attention,
because they can manipulate the propagation of photons in
all three directions, and are expected to be applicable to vari-

Žous optical systems Yablonovitch, 1987; John, 1987;
.Joannopoulos et al., 1995 . Fabrication methods based on

self-assembly, in which building blocks are spontaneously or-
ganized into stable, well-defined structures, are promising for

Ž .industrial uses Xia et al., 2000 , and many processes have
been proposed, such as spontaneous sedimentation
Ž .Bogomolov et al., 1997; Mıguez et al., 1997 , electrophoretic´

Ž .deposition Holgado et al., 1999; Rogach et al., 2000 , and
Ž .filtration Park et al., 1998 . It is still impossible to fabricate

large-size ordered structures within a short time, or manipu-
late the defects at prescribed positions within the crystals,

Ž .because the formation process of three-dimensional 3-D ar-
rays is not well understood.

There have been some studies on the formation process of
particle arrays. Nagayama and coworkers observed the for-
mation of 2-D latex-particle arrays in the drying process, and
showed that the dynamics of 2-D ordering were governed by
the attractive capillary forces and the convective transport of

Žparticles toward the ordered region Denkov et al., 1992;
.Dimitrov and Nagayama, 1996 . 3-D arrays of particles in

concentrated suspensions are known as colloidal crystals and
Žinvestigated experimentally Pusey and van Megen, 1986;
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. ŽYoshida et al., 1991 and theoretically Ackerson and
.Schatzel, 1995; Harland and van Megen, 1997 . Still, the dy-

namics of the formation process of 3-D arrays as well as the
drying process afterward have not been well understood.

In this study, the spontaneous sedimentation of silica
spheres was imaged by in situ confocal laser scanning mi-
croscopy during and after the sedimentation, as well as be-
fore and after the drying stage, and the dynamics of the for-
mation process of 3-D arrays were analyzed and modeled.

Experimental
Silica spheres whose diameters were 700 nm, 1,000 nm, and

1,500 nm were provided by Nippon Shokubai Co., Ltd. These
samples were monodispersed silica spheres with polydisper-

Žsity less than 5% established by dynamic light scattering DLS:
.Otsuka Electronics Co., Ltd, ELS-8000 . Silica spheres were

Ž .dispersed in water purified by a Milli-Q system Millipore .
Ž .HClaq and NaOH WAKO were added to control the pH.

The zeta potential of the silica-spheres dispersion was mea-
Žsured by electrophoretic light scattering ELS: Otsuka Elec-

.tronics Co., Ltd, ELS-8000 .
To visualize the dynamics of the silica spheres in the spon-

taneous sedimentation, a confocal laser scanning microscope
Ž .Leica Microsystems, TCS NT was used. The suspension of
silica spheres was poured into glass-bottom microwell dishes
Ž .MatTek Co., P35G-0-10-C-gm , and silica spheres were de-
posited on a cover glass substrate by the force of gravity. The
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Figure 1. Experimental apparatus.

size of the substrate was �10 mm in diameter, and the poured
suspension was 1 mm high. Silica spheres were observed in
situ from the bottom through the cover glass substrate by the
confocal laser scanning microscope during and after the
spontaneous sedimentation, as shown in Figure 1. After the
sedimentation was completed, the suspension was dried in an
incubator at 313 K, and the silica spheres thus obtained were
described.

In this observation, the flux of silica spheres by number
and the pH of the suspension were changed, and the first and
the second layers on the substrate were observed in situ. The
flux, f , was calculated as the product of the measured con-
centration by number, C, and the sedimentation velocity, ®,
determined by Stokes’ law

fsC® 1Ž .
� y �s w 2®s d g 2Ž .

18�

where � and � are the mass densities of the silica spheres w
and water, respectively, � is the viscosity of water, d is the
diameter of the silica spheres, and g is the gravitational ac-
celeration. The sedimentation velocity was measured inde-
pendently in each size of the silica spheres, and the validity
of Stokes’ law was confirmed.

Results
The photographs taken by the confocal laser scanning mi-

croscopy were processed as follows. First, circles were drawn
with silica spheres for their centers. Next, the number of cir-
cles in the unit area was counted. For quantitative considera-
tion and comparison of each photograph, the filling factor

Ž .and the radial distribution function RDF were introduced.
The observed area in each condition was 25 �m �25 �m.

The filling factor, � , denotes the ratio of the area occupied
by these per unit area. The filling factor is defined by the

Figure 2. First layer observed by a confocal laser scan-
ning microscope.
Diameter of silica spheres is 1,500 nm and the flux is 1.1�
109 spheres my2 � sy1.

following equation

� Nd2

�s 3Ž .
4

where N denotes the number of circles in the unit area. If
silica spheres are in direct contact and are packed hexago-
nally, the filling factor should equal the maximum value,
0.907.

The RDF is calculated by counting all distances between
the centers of any two circles in a photograph. If the silica
spheres are arranged in a regular structure, periodic peaks
should be observed.

Figure 2 shows examples of the photographs taken by the
confocal laser scanning microscope, where the diameter of
the silica spheres is 1,500 nm, the flux is 1.1�109 spheres
my2 � sy1, and the pH is 7.0.

Figure 3 shows the RDFs of the first layer of silica spheres
on the substrate when the diameter is 1,500 nm, the flux of
the silica spheres is 1.1�109 spheres my2 � sy1, and the pH

Žis 7.0. While no peak is shown in the RDF at 150 s Figure
. Ž .3a , several peaks appear at 450 s Figure 3b , which means

that the silica spheres deposited on the substrate are gradu-
ally arranged into a regular structure. The first peak of the

Ž .RDF at 450 s Figure 3b is shown at 2.0 �m, which corre-
sponds to the distance between the nearest two spheres. The

Ž .RDF given by the photograph at 900 s Figure 3c also shows
similar peaks attributed to the regular arrangement, and the
distance between the nearest two spheres is 1.9 �m. It was
shown that the distance between the nearest two spheres de-
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Figure 3. Changes in the RDF of the first layer with time.
The flux of the silica spheres is 1.1�109spheres my2 � sy1.
Vertical solid lines show the positions of periodic distances
of two silica spheres attributed to the hexagonal structure.

creased, and the filling factor increased as silica spheres de-
posited on the first layer. In these steps, the silica spheres
maintained a regular arrangement. The silica spheres did not
come in direct contact with adjacent ones, and maintained a

Ž .certain distance even after drying Figure 3d . The smallest
peak position in the RDF, which shows the distance between
the nearest two spheres, is defined as d . The values for d ,n n' '3 d 2 d , 7 d , 3 d are shown as vertical lines in Figure 3.n n n n
When the spheres are arranged in a hexagonal structure,
peaks in the RDF should be shown at the locations of the
vertical lines. The values of the experimental peak positions

Figure 4. Changes in the RDF of the first layer with the
pH before and after drying.
The diameter of silica spheres is 1,500 nm and the flux is
5.6�109 spheres my2 � sy1. Vertical solid and dotted lines
show the positions of periodic distances of two silica spheres
attributed to the hexagonal structure before and after the
drying, respectively.

Figure 5. Changes in the RDF of the first layer with the
pH before and after the drying.
The diameter of silica spheres is 1,000 nm and the flux is
5.6�109 spheres my2 � sy1. Vertical solid and dotted lines
show the positions of periodic distances of two silica spheres
attributed to the hexagonal structure before and after the
drying, respectively.

in Figure 3 are, however, somewhat larger than those vertical
lines, due to some disorders in the hexagonal arrays.

Figures 4 and 5 show the changes in the RDFs of the first
layer, with the pH before and after drying when the diame-
ters are 1,500 nm and 1,000 nm, respectively. As for 700 nm,
the RDFs of the first layer as a function of pH are shown in
Figure 6 only before drying, because the silica sphere cannot
be observed clearly and counted after drying. The flux is fixed
at 5.6�109 spheres my2 � sy1. When the pH is 3.5, near the
isoelectric point, silica spheres aggregate, and do not settle

Figure 6. Changes in the RDF of the first layer with the
pH before the drying.
The diameter of silica spheres is 700 nm and the flux is 5.6
�109 spheres my2 � sy1. Vertical solid lines show the posi-
tions of periodic distances of two silica spheres attributed to
the hexagonal structure.
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Figure 7. Changes in the filling factors of the first layer
with time.

Ž . 11The fluxes of the silica spheres are a 5.6�10 spheres
y2 y1 Ž . 10 y2 y1 Ž . 10m � s ; b 1.1�10 spheres m � s ; c 5.6�10

y2 y1 Ž . 9 y2 y1spheres m � s , d 1.1�10 spheres m � s .

into a regular structure. The silica spheres settle at a pH of 7
or 10. As was the case in Figure 3, the peak positions in the
RDF attributed to a hexagonal structure are shown in Fig-
ures 4�6.

Figure 7 shows the changes in the filling factors of the first
layer on the substrate when the pH was 7.0, and the fluxes of
the silica spheres were 5.6�1010, 1.1�1010, 5.6�109 and 1.1
�109 spheres my2 � sy1, respectively. In the early stage of
sedimentation, the filling factor increases rapidly as the silica
spheres precipitate. After this stage, the filling factor in-
creased gradually and was saturated at a maximum value.

Figure 8 shows the changes in the filling factors of the sec-
ond layer on the substrate when the diameter of the silica
spheres was 1,500 nm, the pH was 7.0, and the fluxes were
1.1 �1010 and 1.1�109 spheres my2 � sy1. The filling factors
of the second layer on the substrate show a rapid increase
during the early stage of sedimentation. In the later stage,

Figure 8. Changes in the filling factors of the second
layer with time.
The diameter of silica spheres is 1,500 nm and the fluxes are
1.1�1010 and 1.1�109 spheres my2 � sy1.

Figure 9. Relation between the filling factor and the
number of the sedimentation layers.

however, the increase decelerated, as in the first layer, and
the changes in the filling factor were smaller than those of
the first layer, as shown in Figure 7b and 7d.

Figure 9 shows the relationship between the filling factor
of the first layer on the substrate and the number of sedi-
mentation layers. The number of sedimentation layers de-
pends on the concentration of the silica suspensions with
constant suspension volume. The filling factor increases as
the number of sedimentation layers increases. When the di-
ameter is 1,500 nm or 1,000 nm, the filling factor is saturated
to a certain value of about 0.6. When the diameter is 700 nm,
the saturation is not attained in this regard.

Discussion
Influence of pH and the drying process on the distance
between the nearest silica spheres

As shown in Figure 3, the silica spheres are arranged
hexagonally and maintain a uniform distance, which suggests
that the silica spheres are separated by an electrostatic repul-
sive force. To clarify the influence of the interaction, the pH
was controlled at 3.5, 7.0, or 10. As shown in Figure 10, the
silica spheres are negatively charged when the pH is higher
than 3.5 and the absolute value of the �-potential in the higher
pH is larger than that in a lower pH. Although periodic peaks
attributed to the hexagonal structure are seen in Figure 4a
when the diameter is 1,500 nm and the pH is 3.5, they are
smaller and less sharp than those given at a higher pH, as
shown in Figure 4b and 4c. At pH 3.5, no peak is observed in

Figure 10. � -potential of silica spheres.
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Figures 5a and 6a when the diameter is 1,000 nm and 700
nm. When the pH is 3.5, the silica spheres aggregate, and are
not arranged into a hexagonal structure.

An electric double layer is formed on the surface of the
silica spheres. The thickness of the electric double layer is
represented by the Debye length, which is calculated to be
960 nm in a suspension at pH 7.0. It is, in fact, much smaller

Žnear the glass substrate Crocker and Grier, 1996; Grier,
.2000 , because the electric double layer on the surface of the

silica spheres in the first layer is affected by that of the glass
substrate. When two particles approach within a Debye
length, the overlap of the electric double layer causes a re-
pulsive electrostatic interaction between the two particles.
Apparently, a particle whose diameter is d behaves like a
particle whose diameter is the effective diameter

d sdq2	y1 4Ž .eff

Moreover, the Debye length becomes larger at pH 10. As
seen in Figure 4b and 4c, Figure 5b and 5c, and Figure 6b
and 6c, however, the distance between the nearest two
spheres at pH 7.0 is almost the same as that at pH 10, which
means that the distance between the nearest two particles is
not determined by the Debye length alone, but also by the
electrostatic repulsive force from the upper layers. Figure 9
shows that the distance between the nearest two spheres is
unique in each suspension concentration, which also suggests
that the distance is affected by the electrostatic repulsive force
from the upper layers.

Evaporation of water causes a capillary force by which sil-
ica spheres should approach each other. The distance to the
nearest silica spheres is, however, larger than the diameter of
the silica spheres. Thus, silica spheres would not be able to
move freely and could not come into contact with each other.

Dynamics of the formation process of hexagonal arrays
In order to evaluate the dynamics of the formation process

of the hexagonal arrays, we derive a rate equation for the
formation process based on some assumptions. We assume
that the increase in the filling factor of the first layer on the
substrate at a certain time is proportional to the difference
between the final filling factor and the filling factor at the
time. This corresponds with the rate equation of the Lang-
muir-type adsorption, ignoring, the desorption part. The
equation is written as below

d�1 �sk � y� 5Ž .Ž .1dt

d � �1 1sk 1y 6Ž .� �ž / ž /dt � �

where k denotes the rate constant and � � denotes the final
filling factor; and � denotes the filling factor of the first1
layer at ts t. In the early stage of sedimentation, the filling
factor increases rapidly as the silica spheres precipitate, as
shown in Figures 7. This increase in the filling factor is con-
sidered to be due to the silica spheres transported to the sub-
strate by the spontaneous sedimentation. If each particle is
dispersed and the electrostatic forces caused by other parti-
cles and the glass substrate are neglected, the increase in the

Figure 11. Data in Figure 7 determined by converting
� � t to � ///// �� - kt.1 1
Calculated values based on Eq. 9 are shown as a solid line.

filling factor is proportional to the number of silica spheres
transported to the substrate, and the following boundary con-
dition is derived at ts0

d� � d2 f1 s at ts0 7Ž .
dt 4

Since the suspensions in our study are not concentrated, the
filling factor of the first layer before precipitation is zero

� s0 at ts0 8Ž .1

From Eqs. 6�8, the filling factor of the first layer is given as a
function of time

� � d2 f1 s1yexp ykt where ks 9Ž . Ž .� �� 4�

Data shown in Figure 7a�7d are repeated in Figure 11, con-
verting a � y t plot to a � r� �ykt plot. � � is determined1 1
from Figure 9 where silica-sphere concentration is the high-
est. The filling factor is not saturated for 700 nm in Figure 9
despite being saturated for 1,500 nm and 1,000 nm, causing
the final filling factor for 700 nm in Figure 11 to be overesti-
mated. The solid line in Figure 11 shows the ratio of the
filling factor of the first layer to the final filling factor calcu-
lated by Eq. 8. The filling factor given in the experiments in
the early stage of the sedimentation agrees with the value
calculated with the assumption, which confirms that the in-
crease in the filling factor is caused by the transport of silica
spheres by the spontaneous sedimentation, and the electro-
static forces caused by other particles and the glass substrate
are negligible. Thus, it can be concluded that the rapid in-
crease in the filling factor in the early stage of sedimentation
is caused by the transport of the silica spheres by the sponta-
neous sedimentation. In the later stage of sedimentation, the
changes in the filling factor with time, shown as dotted lines
in Figure 11, is smaller than the calculation. This is due to
the assumption that the rate constant is constant. In fact, the
electrostatic repulsive force from the silica spheres of the first
layer could decelerate the increase in the filling factor by
preventing the subsequent spheres from entering the first
layer.
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( )Figure 12. Calculated ratio of Fr to F � F .g b

The deviation of the calculated value from the experimen-
tal one of the filling factor is larger when the diameter is
smaller. To explain the difference, we consider the forces at-
tributed to a sphere precipitated to the first layer by simple
DLVO theory, ignoring the effect of the glass substrate. We
should consider the four forces, that is, the gravitational force,
the buoyancy force, the frictional force from water, and the
electrostatic repulsive force from other particles. The total
force, F , is written astotal

F sF yF yF yFtotal g b f r total,

�� gd3 �� gd3
s ws y y3� d�
 yF 10Ž .r ,total6 6

where F , F , F , and F denote the gravitation force,g b f r, total
the buoyancy force, the frictional force from water, and the
electrostatic repulsive force from other particles, respectively.
The total repulsive electrostatic force is given by the sum of
the forces from others around a sphere. In a later stage of
spontaneous sedimentation, the concentration of spheres in
the first layer becomes larger than in the upper layer, and the
total electrostatic repulsive force given to a sphere moving
into the first layer is applied upward. The force causes a de-
crease in the sphere’s velocity, as expected by Eq. 10. The
decrease in the velocity is determined by the ratio of Fr, total

Ž .to F -F . Now, for simplicity, two fixed spheres are consid-g b
ered. One is a sedimenting sphere in an upper layer, and the

Ž .other is in the first layer vertically below Figure 12 . The
electrostatic repulsive force, F , given to the upper sphere byr
the sphere in the first layer is written by the DLVO theory

H
2�� d� exp y0 y1ž /	

F s 11Ž .r H
y1	 1qexp y y1½ 5ž /	

where � , � , and H denote the dielectric constant of water,0
the surface potential of silica spheres, and the distance be-
tween the surface of two silica spheres, respectively; and 	y1

Ž .is the Debye length. The ratio of Fr to F -F is shown ing b
Figure 12. For simplicity, the Debye length in pure water,

960 nm, is adopted, and the average value of the measured
�-potential at pH 7 shown in Figure 10 is approximately sub-
stituted for the surface potential in this calculation. As shown
in Figure 12, the calculated F is more than hundreds tor

Ž .thousands of times as large as the calculated F -F . If theg b
calculation overestimates the actual F , it would be due to anr
error in the surface potential and the Debye length given in
the calculation. The calculated result is, however, qualita-
tively consistent with the experiments, where the electrostatic
repulsive force is more effective in the case of smaller spheres,
as shown in Figure 12.

As shown in Figure 8, the filling factors of the second layer
on the substrate show a rapid increase early in the sedimen-
tation stage, and a gradual increase in a later stage, as in the
first layer. The changes in the filling factor of the second
layer are slower than those of the first layer shown in Figure
7b and 7d. Since the deposition of the spheres in the second
layer is followed by that in the first layer, there is a time lag
in the second layer.

Formation mechanism of hexagonal arrays in spontaneous
sedimentation

As shown in Figure 9, the filling factor increases with the
increase in the number of upper layers. Since the first layer
in each condition settles into hexagonal structure, the dis-
tance between the nearest silica spheres became smaller as
the number of upper layers increased. The RDFs in Figure 4
also show a decrease in the distance between the nearest sil-
ica spheres from 450 s to 900 s. These results suggest a re-
structuring of the first layer by the precipitation of the upper
layers. Figure 13 shows the scheme of the restructuring we
expect. Silica spheres precipitate in the early stage, and the
increase in the filling factor is due to the transport of the
silica spheres by the spontaneous sedimentation, as described
earlier. The silica spheres are gradually formed into hexago-
nal structures by the electrostatic repulsive force with a cer-

Ž . Ž .tain distance between them Figure 13b . Figure 13 1 is a
picture of when the number of layers is 2. In the later stage,

Figure 13. Formation process of three-dimensional ar-
rays of silica spheres.
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the silica spheres in the third layer are pushed down on the
Ž Ž ..second layer by the electrostatic repulsive force Figure 13 2 ,

and the spheres in the second layer are moved into the first
Žlayer, reducing the distance to the nearest spheres Figure

.13c . When the number of sedimentation layers is efficiently
large, such as 1,000 or 10,000, the distance between the near-
est two particles in the first layer is not decreased, because
the electrostatic repulsive force against the second layer be-
comes greater preventing the spheres in the second layer from
moving into the first layer.

Conclusion
In the spontaneous precipitation of silica spheres, the for-

mation process of hexagonal arrays was directly observed by
confocal laser scanning microscopy. Silica spheres are ar-
ranged into a hexagonal array, but do not come in contact
with each other. The rate constant of the dynamics of the
formation is attributed to the transport of the silica spheres
in the early stage of the sedimentation, and it becomes smaller
in the later stage. The distance between the nearest two
spheres is not changed much by the pH, even if it is not near
the isoelectric point. Based on the RDF and the change in
the filling factor caused by the number of upper layers, the
formation mechanism in the spontaneous sedimentation was
deduced as shown in Figure 13.

From the results, in the condition of higher repulsive force
at a higher pH, the distance from the nearest spheres is large,
and the structure of the hexagonal arrays would be destroyed
during the drying. While in the lower repulsive force state,
when the pH is near the isoelectric point, spheres aggregate
and do not form hexagonal structures.

To fabricate three-dimensional silica-sphere arrays with
high regularity, the regular structure in the precipitation
should be produced and structural change during the drying
should be prevented. The surface state of the spheres should
be optimized by controlling the pH, the surface potential, and
so on, to make the distance between the nearest two spheres
as small as possible while maintaining the hexagonal struc-
ture.
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Notation
fsflux by number, spheres my2 � sy1

Csnumber concentration, spheres my3

dsdiameter of silica spheres, m
gsgravitational acceleration, m � sy2

Nsnumber of circles drawn with silica spheres in unit area,
spheres my2

d seffective diameter, meff
F stotal force, Ntotal

F sgravitation force, Ng
F sbuoyancy force, Nb
F sfrictional force, Nf

F sthe total electrostatic respulsive force, Nr , total
F selectrostatic repulsive force between two spheres, Nr
Hsdistance between two silica spheres, m
ksrate constant, sy1

Greek letters
�sdielectric constant of water, F �my1

�sviscosity of water, Pa � s
�sfilling factor

� sfilling factor of the first layer1
� sfilling factor of the second layer2
� � sfinal filling factor

	y1 sDebye length, m

 ssedimentation velcoity, m � sy1

� sdensity of silica spheres, kg �my3
s

� sdensity of water, kg �my3
w

� ssurface potential of silica spheres, V0
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