
Introduction

Classically, a crystal is considered to be a uniform array
of ordered atoms or molecules ``constructed by the
in®nite repetition of identical structural units in space''
[1]. A bulk crystal results from the repetition of 1 of 14
3D lattice types of di�erent geometry. Here one should
also refer to protein crystals composed of macromole-
cules with intrinsic symmetry, which increases the
variety of crystal forms [2]. 3D colloidal crystals have
as their elements various ®ne particles of submicron size
with latex spheres as the most common representatives.
At the same time, 2D lattice types can also be

considered: square, hexagonal, etc. [1]. If for simple
atoms and molecules of high reaction a�nity they are
less probable at ambient conditions, well-de®ned 2D
crystalline lattices can be observed in thin particle layers
of proteins [3], latexes (see below) and even millimeter-
sized objects such as gas bubbles [4] and topologically
matched species [5]. Intuitively, a 2D crystal has one of
its dimensions, thickness, much smaller than the other
two dimensions, which introduces a peculiarity in its
structure and properties. Increasing the thickness from a
single layer (monolayer) to a vast number of successive
layers should lead to a smooth transition from a 2D to a
3D crystal.
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Abstract The growth kinetics and
structure of two-dimensional crys-
tals of ®ne latex particles on solid
substrates have been studied using a
variety of microscopic techniques:
optical microscopy, surface plasmon
resonance microscopy, transmission
electron microscopy, scanning elec-
tron microscopy and atomic force
microscopy. A circular-shaped crys-
tal is grown from a thin layer of a
latex suspension by a two-step
mechanism: nucleation and crystal
growth. Here we report an experi-
mental study of the factors in¯u-
encing the crystallization process,
especially focusing on the water
evaporation rate, the liquid menis-
cus at the crystal boundary, the
particle size and concentration, the
substrate, etc. Crystals of good
quality and structure are grown at a
high evaporation rate (low humidi-
ty) favoring a convection-dominated

in¯ux of particles from the suspen-
sion. The particle di�usion plays a
role at suppressed evaporation thus
causing an increase in the number of
crystal defects. The dynamics of the
meniscus slope leads to growth
instability resulting in a sequence of
multilayer rings. A hexagonal lattice
prevails in the ®nal crystal whereas
a square lattice is observed in the
transition regions between two dif-
ferent hexagonal multilayers. These
general trends of the crystallization
process are the same for di�erent
particle diameters (19 nm, 55 nm,
144 nm and 1.696 lm), volume
fractions (0.001±0.01) and substrates
(bare and metal-coated glass and
mica).

Key words Two-dimensional crys-
tal á Kinetics of crystal growth á
Growth instability á Surface plas-
mon resonance á Crystal defect



Although fewer lattice types can be constructed due
to the simplicity of a spherical particle, latex crystals can
model the general features of the crystalline state not
visible for atomic and molecular crystals [6]. There are
two types of crystalline assembly of latex particles
representing research and practical interest:

1. Wet crystals remain at any moment partially or
completely immersed in the solvent (water) in which the
particles are originally dissolved. A wet 3D crystal is
formed in a latex suspension enclosed in a glass cell of
overall dimension much larger than the particle diameter
[6±19]. A wet 2D crystal can form in a suspension ®lm
con®ned between two smooth solid surfaces located
close to each other, for example lower plane surface and
upper concave surface [20] or two plane surfaces at a
small inclination [21, 22]. The crystal ®lls the gap
between the solid surfaces following their pro®le: the
monolayer is in the thinnest part of the gap, and is
followed by a bilayer, triple layer, etc. Structuring of
latex particles in a thin suspension layer can also be
induced by powerful laser irradiation [23±25]. Ordered
structures of latex particles trapped at the ¯uid/air
interface can also be formed [26±29].

2. Dry crystals are referred to as ordered latex
structures free of solvent (water) [30±33]. They usually
comprise dry structured layers of latex particles depos-
ited on a solid substrate. A dry 2D crystal consists of a
monolayer (a single layer of hexagonally packed parti-
cles) coexisting with particle multilayers (bilayer, triple
layer, etc.), which can be counted directly by an optical
or an electron microscope depending on the particle size.
Such ordered 2D media are expected to ®nd practical
applications: microscopy standards and microelectronics
elements [34±39]; materials for the optical storage and
processing of information [40]; templates for lithography
[41], semiconductor nanoparticles [42], microporous
silica [43] and ¯uorescent particles [44]; etc.

Our study deals with dry 2D latex crystals on a solid
substrate. The main problem for their technical appli-
cation is how to grow a large crystalline layer (mono-
crystal) in a fast and reproducible way. Any feasible
process should include evaporation of the water from a
wetting suspension ®lm in a way allowing layering and
arrangement of the particles in a crystalline lattice. By
rotating [39] or freezing [40] a drying suspension
droplet, domains of good crystallinity are found,
although the number of crystal layers and their
structure over the entire sample area have not been
reported in these initial studies. Substantial progress in
spin-coating with uniform particle layers has been made
after solving the complicated hydrodynamic problems
accompanying the arraying process [42, 45]. A uniform
thin ®lm forms instantaneously after applying a strong
centrifugal ®eld suppressing the capillary force over the
sample area.

Another approach is the control of the capillary
force by maintaining a suitable meniscus shape during
the growth of a latex crystal on a solid substrate [46±
48], mercury [49±51] or ¯uorinated oil [28]. In these
experiments the latex suspension is spread in crystalli-
zation cells speci®cally designed for shaping the liquid
layer in a way such that the crystal grows in a radial
direction, from the cell center to the periphery. Then
the crystallization process has two distinct stages:
nucleation and crystal growth. The initial nucleus is
an ordered monolayer with hexagonal packing; this
forms at the cell center when the suspension ®lm
thickness becomes nearly equal to the particle diameter
[49]. As soon as the particles protrude from the ®lm
surface, they are subjected to an attractive force, called
the immersion capillary force [52±55]; this force plays
an important role in the formation of the ®rst ordered
domain(s), referred to as the nucleus. Once a nucleus is
created, and as it is drying, a convective ¯ow brings
new particles from the suspension. Therefore, the
crystal growth depends strongly on the evaporation
rate: at a low rate (high humidity of the air) crystal-
lization is slowed down because of a suppressed water
¯ow. At su�ciently decreased evaporation or at
condensation of water vapor, the latex layer can even
be destroyed [47].

Here we aim to study the e�ect of the evaporation
rate on the kinetics of crystal growth and on the quality
of crystal structure, along with other experimental
factors such as the meniscus pro®le at the crystal
boundary, the particle size and the concentration and
the type of substrate. As brie¯y reported in a preliminary
study [48], crystals of good quality can be produced at a
relatively high evaporation rate (low humidity). A more
detailed picture of crystallization at suppressed evapo-
ration is given here for when the rate of crystallization
su�ciently decreases and the di�usion of particles
opposing the convection disturbs the crystalline order.
Also, new experimental results obtained by us for
monocrystals of various latexes (19 nm, 55 nm,
144 nm and 1.696 lm) reveal the e�ect of the particle
diameter on the growth instability leading to the
formation of ring-shaped multilayers. This instability
turns out to be a�ected also by the size, geometry and
wettability of the crystallization cell. All these data serve
as the background for theoretical modeling of the
crystallization stages to be reported in a subsequent
paper.

The elucidation of various factors on the growth
kinetics and the structure of 2D crystals by this study
could help in obtaining crystals of better quality. The
microscopic observations can have an impact on the
technical applications of large-scale deposition methods
developed recently: dip [56], drag [57] and drum [58, 59]
coating.
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Materials and methods

Latex particles

Di�erent sorts of polystyrene latex particles were used as the 2D
crystal elements: 55 nm, 144 nm and 1.696 lm with an original
concentration of 1 wt% (JSR, Japan) and 19 nm with an original
concentration 6.29 wt% (IDC, USA). As seen in Table 1, the
particles are quite uniform in size and bear a negative surface
charge in water. Before use the original latex solution was ®ltered
through Millipore ®lters of pore size 450 nm for 144-nm particles
and 100 nm for 55-nm particles. To prepare working solutions
the ®ltrate was diluted with deionized water. For spreading, the
original suspension of 19-nm latex was diluted with a water
solution of the nonionic surfactant Triton X-100 at a typical
concentration of 5 ´ 10)4 M.

Crystallization cell

The crystallization cell for growing 2D crystals of ®ne particles
is shown in Fig. 1. The cell wall is made of a para�n block
(approximate size 20 ´ 10 ´ 5 mm) with a melting point of about
70 °C (Nacalai Tesque). A circular hole of diameter 2±4 mm is
pierced through the block using a calibrated screwdriver and a glass
rod. The supply of suspension to and the evaporation of water
from the cell can be facilitated by broadening the upper side of the
hole or by decreasing the block thickness to about 1 mm. The hole
is sealed on the bottom of the block by a transparent plate (glass or
mica), allowing optical observation of the transmitted light. The
glass plate (Matsunami microcover glass, 18 ´ 18 ´ 0.1 mm) was
washed with chromic acid, rinsed with deionized water and wiped

with a cotton paper. As proven by atomic force microscopy
(AFM), the glass plate was of good ¯atness over the entire area
with a microroughness of no more than 2 nm, which is much less
than the size of the latex particles used. The glass can easily be
cleaned as well as modi®ed by coating with various materials, for
example, carbon, gold or silver. The mica plate was freshly cleaved
on both sides to remove scratches on the surfaces and to create a
site of perfect ¯atness to be used for the crystallization area. Its size,
typically of about a few millimeters, is limited by step lines along
the atomic planes destroyed by the cleavage. Apart from the
molecular ¯atness, the biggest advantage of mica is that one can
take replicas of a crystal for study with an electron microscope.
Both glass and mica allow crystals of good quality to be produced
if the suspension can be uniformly spread on the substrate. To
improve its wettability, a hydrophobic substrate was brie¯y
exposed to ion sputtering. The pretreated substrate was then sealed
on the para�n wall by melting the para�n surface around the hole
using a soldering iron. It was not always possible to melt the
para�n exactly up to the edge of the hole because the melt can
spread over the clean substrate. As a result, a small circular gap
with an average height of about a few microns can remain between
the para�n wall and the substrate.

Experimental setup

The crystallization cell was placed on the translation table of an
optical microscope by attaching it to a metal support (Fig. 1). It
can also be enclosed in a thermostated housing made of stainless
steel with a transparent cover to illuminate and isolate the cell.
A few connectors mounted to the cover supply the inner space with
gas and allow control measurements. The gas ¯ows through at a
pressure of about 10-mm water column. Using dry gas (nitrogen or
oxygen) one can decrease the humidity su�ciently; the humidity
was measured by a humidity meter operating in the range 15±100%
(Sato Keiryoki). The samples were illuminated by polychromatic,
green-®ltered light (546 nm) or red light (632.8 nm, He-Ne laser).
The observations were carried out using optical microscopes in
transmitted light (Nikon) or in re¯ected light (Olympus). At small
magni®cation a general view over the crystallization area was
achieved, whereas at large magni®cation details of the crystal
boundary and tracks of particles entering the crystal could be
observed (even for 144-nm particles). The crystallization was
recorded using a Super VHS video system.

Experimental procedures

For 55-nm and 144-nm latexes, the crystallization cell was ®rst
loaded with a 1-ll suspension droplet with a particle concentration
varying between 0.05 and 1 wt% (particle volume fraction
u =0.0005±0.001). Then the water was evaporated from the
droplet at room temperature 20 °C (�2 °C). The humidity was
varied over wide range: almost zero for a dry gas, about 30% in a
dry air atmosphere, and about 50±70% for other conditions.
Decreasing the volume of air, Va, in contact with the suspension
gradually decreases the rate of evaporation. The actual humidity, f,
follows the equation

f � 1ÿ �1ÿ f0� exp�ÿt=se� : �1�
Here se � Va=akTAe is the characteristic time of evaporation, f0 is
the initial room humidity (before closing the latex suspension in
the cell), k=1.38 ´ 10)16 erg/K is the Boltzmann constant, T is the
absolute temperature and Ae is the surface area of evaporation. The
constant a is given by a � je0=ps�1ÿ f0�, where je0 is the evapo-
ration rate and ps�T � is the saturation pressure.

To obtain je0 and a we measured the weight of an evaporating
water droplet as a function of time. The initial droplet volume, V0,
was chosen to correspond to the suspension volume most
frequently used in the crystallization. To be closer to reality, the

Table 1 Parameters of the latex spheres used to grow 2D crystals.
d is the average particle diameter, Dd is the standard deviation from
the average particle diameter, qp is the latex particle density, np is
the refractive index of the particle and Qp is the surface charge of a
single latex particle

d
(nm)

Dd
(nm)

qp
(g/cm3)

np Qp

(C)
Supplier

19 IDC
55 �3.6 1.065 1.565 JSR
144 �2.0 1.065 1.565 JSR
1696 �47.2 1.057 1.592 )5.67 ´ 10)17 [60] JSR

Fig. 1 Experimental setup for the growth of 2D crystals on a solid
substrate. The latex suspension is dropped in the crystallization cell,
which consists of a hydrophobic wall attached to a hydrophilic
substrate. The crystallization cell is placed on a metal support or in a
thermostated housing allowing dry gas supply
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evaporating droplet was weighed as it is in the para�n crystalli-
zation cell. The experimental data for the droplet volume V �t�
shown in Fig. 2 obey the equation

V � V0 ÿ wwAeje0t ; �2�
where ww=3 ´ 10)23 cm3 is the volume of a water molecule.
Hence, the rate of water evaporation turns out to be je0=
6.12 ´ 1017 cm)2 s)1 and a=3.59 ´ 1013 dyn)1 s)1 (ps=23368 dyn/
cm2, T=293 K, Ae=3.14 mm2).

The process of crystal growth was recorded by the video system
under various experimental conditions (evaporation rate, substrate
and particle concentration). The latex crystal shape did not have
a simple geometry throughout the growth: nearly elliptical or
circular. Therefore, the crystal area, A, was measured from the
records as a function of time using an image analyzer (Zeiss
Videoplan 2).

Very thin layers of 19-nm latex particles were formed in a para�n
cell attached by epoxy resin (Bison) to a silver-coated glass plate.
The crystal layers, hardly seen using the optical microscope, were
monitored by surface plasmon resonance (SPR) microscopy [61].

The crystals of micron-sized latex, 1.696 lm, were grown as
described in Ref. [47]. A circular Te¯on cell of diameter 14 mm
(area 1.54 cm2) was loaded with a 25-ll latex suspension with a
particle volume fraction of 0.01.

The crystalline structure of the samples was studied by scanning
electron microscopy (SEM 820, JEOL), transmission electron
microscopy (TEM 1200 EX-II, JEOL) and AFM (Seiko). Vacuum
evaporated carbon and gold ®lms of a thickness of about 5 nm
subsequently coated the latex arrays for SEM. For TEM, the
crystal was ®rst coated with carbon ®lm and then removed from the
mica plate together with the coating by ¯oating the ®lm on
the water/air surface.

Results and discussion

Stages of crystal growth

After loading, the suspension spreads on the substrate
over the entire cell area. Just after spreading the average
thickness of the suspension layer is much larger than the
latex particle size. Therefore, there is an induction period
of water evaporation from the suspension before the start
of crystallization. During this period, which lasts about

several minutes depending on the humidity (Table 2), the
suspension layer decreases in thickness, whereas the
particle concentration increases; however, the layer
remains thick enough everywhere allowing Brownian
motion of the latex particles without constraint.

The scenario of the crystal growth process with
submicron-sized particles is schematically summarized
in Fig. 3 based on the results of this study and previous
work [48, 49]. Crucial for the 2D crystallization is the
®nal stage of thinning, when the suspension layer
thickness becomes less than 1 lm in the cell center.
Since the suspension layer near the cell periphery is
thicker, the meniscus in the center starts to ``feel'' the
substrate earlier. At a certain moment interference
fringes (Newton rings) are observed to appear and
expand at the spot of closest contact between the
concave suspension/air interface and the substrate
(Fig. 3a). Usually this spot is near the cell center but it
can also be located closer to the cell periphery for an
asymmetrical meniscus. The fringes of maximum or
minimum intensity are loci of points for which the
distance hi between the two re¯ecting surfaces, meniscus
and substrate, is hi � ik=4n. Here n � npu� nw�1ÿ u�
is the refractive index of the latex suspension with np
being the particle refractive index from Table 1 and
nw=1.3334 ± the index of refraction of water. The
interference order, i, is odd for the dark fringes and even
for the bright ones. Initially the fringes surround the
meniscus apex (Fig. 3a), but several seconds later a
plane-parallel ®lm forms due to the interaction between
the meniscus and the substrate. The initial ®lm radius of

Fig. 2 Evaporation of water droplets of initial volume V0=1 ll at
various air humidities f0. The stepwise appearance of data points is
due to the limited accuracy in measuring the droplet weight. The solid
line is a ®t according to Eq. (2)

Table 2 Experimental parameters for 2D crystals of submicron
latex particles. All crystals were produced from a suspension of
initial volume fraction of latex u0 = 0.001 except crystals 6 (u0 =
0.0005) and 7 (u0=0.01)

d
(nm)

Crystal no. Substrate f
(%)

sae
(min)

sbc
(min)

144 1 Glass 27 22 13
2 Glass 35 20 17
3 Glass 30±71c 30 23
4 Glass 30±96c 40 40
5 Mica 33 14 17
6 Mica 41 27 17
7 Mica 47 32 20

55 8 Glass 26 19 11
9 Glass 60 50 18
10 Glass 64 30 20

a Evaporation time elapsed from the loading of the crystallization
cell with suspension until the appearance of interference fringes
bCrystallization time elapsed from the appearance of interference
fringes until the cell area is completely covered by the crystal
c The ®rst value corresponds to atmospheric humidity f0 before
closing the cell; the second value f is calculated at the end of
crystallization using Eq. (1). The humidity is varied by closing the
system with a petri dish of volume Va=72 cm3 (sample 3) and
Va=47 cm3 (sample 4)
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about 100 lm increases with time. The ®lm thins within
several seconds until latex particles in the ®lm protrude
from its surface, being constrained from below by the
substrate. Using interference data for fringes and
assuming circular symmetry, the meniscus pro®le can
be computed by numerically solving the Laplace equa-
tion of capillarity [49]. The result of the calculations is
that the ®lm thickness remains equal to the particle
diameter while micromenisci form around the particles
(Fig. 3b). The menisci mediate an attraction between the
particles originating in the capillary immersion force [46,
52±54]. This force collects the particles into an initially
ordered monolayer (nucleus), Fig. 3c, which further
promotes crystal growth. The particles are carried
toward the crystal boundary by a water ¯ow, which is
to replace the water evaporated from the crystal surface.
Entering the closest vicinity they are caught by the
capillary force there and are attached to the crystal
border to increase the monolayer area. Therefore, to
grow a uniform monolayer one should keep the
thickness of the suspension layer near the crystal border
almost equal to the particle diameter. However, when
the border approaches the cell wall, the meniscus slope
increases thus resulting in the simultaneous formation of
two particle layers (bilayer), followed by a triple layer,
etc. (Fig. 3d).

The crystallization of 144-nm (Fig. 4) and 55-nm
latex particles (Fig. 5) follows the scenario from Fig. 3.
The thin liquid ®lm is of circular or elliptical shape

depending on the meniscus pro®le. Figures 4a and 5a
show such ®lms just before the start of nucleation. The
®lm with 55-nm particles is dark because its thickness is
less than that corresponding to the ®rst interference
minimum. Figures 4b and 5b illustrate monolayer
nuclei, which also contain voids (bare substrate). This
can be explained by a de®ciency of particles at the spot
of nucleation [49]. Initially there is no convection since
the ordered array is of too small a mass to initiate the
in¯ux of water, and thus of particles, toward the crystal.
In contrast, for a prevailing convective supply of
particles a dense monolayer grows. When the crystal
border approaches the cell periphery, a particle multi-
layer starts to form (Figs. 4c, 5c) due to growth
instability as described later. The ®nal crystal consists
of a monolayer in the center surrounded by ring-shaped
multilayers (Figs. 4d, 5d).

Similar trends have also been observed in the growth
of monocrystals of micron-sized latex with a few
di�erences arising from the particle and cell diameter
(14 mm). Initially, there is an increase in the local
particle density at the point of closest approach between
the meniscus and the substrate (Fig. 6a). Since the
particles are too big to maintain a plane-parallel ®lm,
nucleation is a much slower process, taking place over a
rather large area (Fig. 6b). The lateral capillary force
governs the formation of islands of ordered particles as
well as their subsequent merging into larger structures,
including voids (Fig. 6c). Once the central monolayer
becomes denser, convection-dominated growth starts,
which leads to the ®nal monocrystal represented in
Fig. 6d. Decreasing the cell diameter to 2 mm, but
maintaining the other conditions, makes the crystal
growth irregular (Fig. 7).

E�ect of solvent evaporation

The crystal structure and quality are mainly a�ected by
the rate of crystallization, which is determined in turn by

Fig. 3a±d Stages of the crystallization process illustrated with values
of the ®lm thickness h and time t typical for crystals of 144-nm
particles grown at a humidity of about 30%. a Thinning of the
suspension layer from its initial thickness h0�317 lm (t0 � 0). The
®rst interference fringes appear at a distance between the meniscus
apex and substrate h1�500 nm (t1)t0�15 min). Then a plane-parallel
®lm of thickness h2�160 nm forms (t2)t1�10 s). b Association of the
latex particles in the thin ®lm due to a capillary force acting along the
micromenisci. The nucleation is of duration t3)t2�5 s. c Growth of a
dense monolayer of hexagonal packing until appearance of the ®rst
bilayer at t4)t3�1 min. dGrowth of a multilayer latex crystal until the
crystal border reaches the cell wall at t5)t4�15 min

918



the evaporation rate. By changing the humidity the total
time of crystallization can vary over a fairly wide range:
from several minutes to several hours. Nevertheless,
structured domains can always be found using an
electron microscope, at least locally; however, the best
structure of the grown crystal is achieved at a high
crystallization rate (air humidity of about 30% or less).

These crystals look colored when observed by the optical
microscope in re¯ected light. Each color corresponds to
a ®lm of ®xed crystalline lattice and number of particle
layers [62]. An SEM study of the samples of 144-nm
particles shows that a crystal layer has a uniform
structure on a large scale with a typical size of about
100 lm. The defects in the crystal lattice, considered
later, disturb only the local order. When the rate of
crystallization decreases, the crystal structure becomes
worse. For example, the crystals, grown for more than
1 h, are only of local order (a few microns). Such
crystals are disordered on a large scale; this is also
supported by optical observation (cf. Fig. 8). The
macroscopic defects (cracks, whiskers, layers of irregular
shape, etc.) make the crystals colorless by disturbing
their structure.

The humidity regulates the rate of water evaporation
and thus the convective in¯ux of particles. Experimental
results for the crystal radius R � ��������

A=p
p

at di�erent
humidity are shown in Fig. 9 for 144-nm particles. The
crystal grown at the lowest humidity exhibits the highest
crystallization rate, which can be explained by the
largest in¯ux of particles. Respectively, the rate of
crystallization is slowed down at suppressed evaporation
(high humidity). The same conclusion can also be drawn
from the kinetics curves in Fig. 10 for crystals of 55-nm
particles produced at di�erent humidities.

The crystallization rate K was calculated from the
experimental data using the equation

R�t� � R0 � Kt ; �3�
which shows R increases linearly with time t. On the
other hand, a simple theory [48] relates K to microscopic
parameters of the crystal and the hydrodynamic ¯ow

K � wwjeblu
h�1ÿ e��1ÿ u� : �4�

Here b � vp=vw is the ratio between the hydrodynamic
velocity of particles, vp, and that of water ¯ow, vw,
(b � 1). Particles of smaller hydrodynamic resistance
should exhibit larger b, i.e. vp � vw. u is the particle
volume fraction in the suspension. h is the average

Fig. 4a±d Successive photographs of the growth of a 2D crystal of
144-nm latex particles. a Thin liquid ®lm of thickness h�160 nm just
before the start of nucleation (t=7 s). The photograph is taken in
re¯ected monochromatic light at the moment of appearance of the
®rst interference fringes (sample 5 from Table 2, bar 0.2 mm). b 2D
nucleus at t=1 min. The spots inside the nucleus are voids (bare
substrate) surrounded by a dense particle monolayer. The space
outside the nucleus is occupied by the latex suspension. c Growth of
an abundant crystal at t=8 min. The monolayer nucleus from
b remains in the crystal center. Multilayer rings are observed to form.
d Final crystal at time t=15 min representing a sequence of six
multilayer rings surrounding the central monolayer. Photographs b±-d
were taken in transmitted light (sample 2; bar 0.25 mm)

b
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crystal thickness. e is the average crystal porosity de®ned
as the ratio between the volume of pores (voids) and the
total crystal volume. l is the width of a ring domain of

area Ae � 2pRl, located at the crystal periphery, which
e�ectively participates in the evaporation of water. The
rest of the crystal located at r < Rÿ l is considered as

Fig. 5a±d Experimental stages in the 2D crystal growth with 55-nm
latex particles. a Thin liquid ®lm of a thickness h�60 nm (crystal 10
from Table 2 in re¯ected monochromatic light, bar 100 lm). b 2D
nucleus at t=9 s (bar 0.2 mm). cGrowth of a crystal at t=6 min with
the monolayer nucleus from b in the center (bar 0.25 mm). d Final
crystal at t=11 min exhibiting a sequence of about ten multilayer
rings. Photographs b±d were taken in transmitted light (crystal 8)
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almost dry. The dependence of K on humidity comes
from je�t� � je0 exp�ÿt=se�.

Based on Eq. (4) one can understand the experimen-
tal facts listed in Tables 2 and 3. At the same low
humidity, the rate of crystallization, observed with 55-
nm particles seems larger than the respective rate with
144-nm particles. Assuming the other parameters are the
same, the 55-nm particles have larger b due to their
smaller hydrodynamic resistance and, hence, K is also
larger. At high humidity there is a di�erence between the
kinetics curves in Figs. 9 and 10. Samples 3 and 4 are
produced in a closed system of humidity increasing with
time (Table 2), whereas samples 9 and 10 are grown in
an open system of high constant humidity. There is very

Fig. 6a±d Growth of a crystal of 1.696-lm latex particles on mica
from a suspension of initial volume V0=25 ll and volume fraction
u0=0.01 spread in a cell of diameter 14 mm. a Start of the nucleation
(t0=0). b Growth of particle islands (t=1 min). c Growth of a
monolayer (t=1.5 min). Photographs a±c were taken in transmitted
white light (bar 0.3 mm). d Final dry crystal in transmitted white light
(bar 2 mm). The illumination at a certain angle reveals the crystalline
domains of di�erent di�raction colors

b

Fig. 7 Latex crystals of 1.696-lm particles grown on glass in a cell of
diameter 2 mm from a suspension of volume V0=1 ll and di�erent
initial volume fraction: a u0=0.005; b u0=0.01

Fig. 8 Comparison of two latex crystals of 144-nm particles grown on
glass at di�erent humidities: a 30%; b 71%. A di�erence in the
crystallinity, which is better in a, leads to the di�erent interference
colors observed in white re¯ected light

Fig. 9 Time-dependence of the radius of 144-nm latex crystals grown
on glass at di�erent humidities. The area of crystal 1 (f=27%) is
measured both by an image analyzer (open circles) and by a caliper
gauge (open triangles [48])
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good agreement between the total crystallization time,
sc, measured experimentally (Table 3), and the one
calculated based on the local crystallization rate, K, that
is more di�cult for a direct measurement.

The initial nucleus radius, R0, listed in Table 3 seems
to be of the same order as the radius of the thin liquid
®lm preceding the nucleation (cf. Figs. 4a, 5a). At high
humidity this radius is smaller than at low humidity
suggesting the lack of a plane-parallel ®lm and, hence, of
good nucleation.

If the atmospheric humidity is too high, the use of a
dry gas accelerates the growth process. With gas of
f � 0 the rate of crystallization increases 3±4 times
compared to the reference f � 30%. With dry nitrogen,
however, a lot of gas bubbles of diameter of about 1 lm
are observed to form in the suspension. These bubbles
rupture when crossing the crystal border thus causing
circular disturbances in the crystal lattice observed by
SEM. To avoid gas bubble formation oxygen is used. In
the presence of dry oxygen crystals with very good

colors have been grown with 55-nm particles on di�erent
substrates: bare glass and mica, glass coated with thin
carbon or gold layers [62].

E�ect of the meniscus shape: growth instability

Although the crystal growth is determined by the
evaporation rate, the meniscus slope near the crystal
boundary a�ects the number of particle layers (Fig. 3).
Approaching the cell periphery, the meniscus slope
increases, which favors a multilayer formation
(Fig. 11a). It takes more and more particles to maintain
the growth of a structure with a gradually increasing
number of layers. Since the convective water ¯ux remains
nearly constant, it cannot supply particles in a concen-
tration high enough to feed the growing multilayer.
There is a threshold beyond which the process is

Fig. 10 The radius of 55-nm latex crystals grown on glass at di�erent
atmospheric humidities

Table 3 Calculated parameters for 2D crystals of submicron latex
particles

d
(nm)

Crystal no. R0

(cm)
K
(cm/s)

sac
(min)

sbc
(s)

144 1 1.66 ´ 10)2 1.07 ´ 10)4 13.0 13
2 1.63 ´ 10)2 0.86 ´ 10)4 16.2 17
3 1.71 ´ 10)2 0.56 ´ 10)4 24.7 23
4 0.97 ´ 10)2 0.40 ´ 10)4 37.6 40

55 8 1.95 ´ 10)2 1.22 ´ 10)4 11.0 11
9 0.43 ´ 10)2 0.84 ´ 10)4 19.0 18
10 0.99 ´ 10)2 0.79 ´ 10)4 19.0 20

aCrystallization time calculated using the equation
sc � �Rc ÿ R0�=K, cf. Eq. (3), with a cell radius Rc=0.1 cm and
values of R0 and K from the table
b Total crystallization time measured experimentally (see Table 2)

Fig. 11a±d Formation and structure of a multilayer ring. a Increase
in the number of particle layers (advancing meniscus). b Decrease in
the number of layers (receding meniscus). c Transition zone between a
monolayer and a bilayer. d Dependence of the crystal porosity on the
number of latex particle layers illustrating a smooth transition from a
2D to a 3D crystal structure
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reversed, leading to a fast decrease in the number of
crystal layers (Fig. 11b). The meniscus slope changes so
rapidly that it could even become detached from the
crystal boundary, leaving empty sites behind the multi-
layer ring (Fig. 8a). Soon after a new monolayer forms
followed by subsequent rings repeating the scenario
described above. As a result, the multilayer rings have
outer slopes much steeper than the inner ones. Depend-
ing on the conditions, di�erent numbers of rings, M, can
be observed (Table 4): up to 5±6 multilayer rings in
crystals of 144-nm particles (Figs. 4d, 8a) and up to 9±10
rings in crystals of 55-nm particles (Fig. 5d). Amultilayer
ring comprises various numbers of particle layers, N: no
more than 4±5 layers of 144-nm latex particles or more
than ten layers of 55-nm particles (Table 4). Similar
multilayers can also be found in the crystals of micron-
sized particles (Fig. 6d). In this case there are no more
than two pronounced rings of (mainly) bilayers although
the crystal area is much larger. Hence, the number and
width of multilayer rings depend on the particle diam-
eter, d, and the crystallization cell radius, Rc. Decreasing
the particle size increases the number of successive rings,
as well as the number of layers in one ring.

Figure 12a represents the local rate of crystallization,
K � dR=dt, measured along a radial line drawn across
the multilayer rings in Figs. 4d and 5d. Here R�t� is taken
as the distance between the nucleus center and the front
of crystallization. The formation of a multilayer can be
identi®ed from the decreased rate of crystallization. The
layers of 55-nm particles are formed at larger local rates,
in accordance with the previous section. Although the
local rate of crystallization is sensitive to the layer
number, the total crystal area, A�t�, seems not to be
a�ected. It is an average result from the growth rate in
all crystal directions which are of nonuniform layer
distribution.

The radial periodicity in the number of crystal layers,
observed by us, is evidence for a sort of growth
instability. The hydrodynamic instability observed in
an oil layer of millimeter thickness placed in a circular
cell with a temperature gradient across the layer [63] has
a similar pattern. In that case the instability waves are
concentric circles visualized by ®ne particles suspended

in the oil. To prove whether the instability observed by
us can also be due to a temperature gradient introduced
by the illuminating light, we performed independent
experiments in complete darkness. Since the same
multilayer rings were obtained, one can conclude that
the mass transfer should drive the crystal growth
instability. The competition between the particle transfer
and contact line motion ®nely regulates the meniscus
pro®le up and down, creating the multilayer rings; this is
why the smaller particles are more sensitive to variations
in the meniscus pro®le. On the other hand, the cell size
also seems to be of importance for the instability ring
number.

Table 4 Parameters of cells and multilayer rings formed under
various conditions

Rc

(mm)
Ac

(mm2)
V0

(ll)
ha0
(mm)

d
(nm)

M N

1 3.14 1 0.317 55 9±10 >10
144 5±6 4±5
1696

7 153.9 25 0.162 1696 2 2

aAverage initial thickness of the suspension ®lm calculated from
h0 � V0=Ac

Fig. 12a±c Crystal growth instability. a The linear rate of crystalli-
zation, measured radially for the crystals in Figs. 4 and 5 as a function
of the distance from the nucleus center. The arrows indicate the mean
linear rate of crystallization. 1 ± monolayer; 2 ± bilayer; 3 ± triple
layer; M ± multilayer. Italic letters are for 144-nm particles, normal
letters are for 55-nm particles, respectively. b The characteristic
instability length as a function of the ratio of the cell and particle
diameters. Data set 1 is the average length estimated from the data in
Table 4. Data set 2 is measured from a and Fig. 6d with the error bars
representing the standard deviation. The solid line is a ®t using Eq. (5)
with parameters C0 � 7800 and K0=15 mm. c The average height of
a multilayer ring versus the same dimensionless ratio. The solid line is
a ®t according to Eq. (6) at v0=60 lm
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Any instability can be quantitatively described by
de®ning its characteristic length K � Rc=M . Unlike in
another case [63], the 3D instability patterns, multilayer
particle rings, reported by us can also be characterized
by their height v � dN . Both L and v are averaged
quantities. For example, L estimated from this de®nition
(data 1 in Fig. 12b) can di�er from its value measured
from the local crystallization rate in Fig. 12a (data 2 in
Fig. 12b), especially for micron-sized particles. Also, the
de®nition of v should be considered as an upper estimate
of the ring height, which depends on the type of packing
in the crystalline lattice [62]. Nevertheless, the plot of L
and v versus the dimensionless number C � 2Rc=d in
Fig. 12b, c, respectively, represents the main features of
instability. There is a minimum number C0 � 7800,
below which L tends to in®nity, i.e. no rings can be
observed because the instability length becomes larger
than the cell radius Rc. For this reason, there are no
periodic rings of micron-sized particles in a cell of
diameter 2Rc � 2mm (Fig. 8a), where C=1179 is much
smaller than C0. Also, with increasing C, for example, by
decreasing d or increasing Rc, L goes to zero, which
makes the circular rings indistinguishable. This is the
case of submicron-sized particles, d=144 nm, in a cell of
diameter 2Rc � 14mm, where C=97222.

This behaviour of L and v is satisfactorily described
by the empirical equations

K � K0=
���������������
C ÿ C0

p
�5�

v � v0=
���������������
C ÿ C0

p
; �6�

where K0 and v0 are characteristic scales. Both quanti-
ties, K�C� and v�C� have the same functional depen-
dence on the dimensionless number C. To understand
the origin and also the meaning of the parameters C0, K0

and v0, one needs to consider deeper the hydrodynamics
of ¯ow in the suspension surrounding the growth of the
monocrystal. An attempt in a similar direction is the
quantitative model [64, 65] describing the growth of
multilayer strips on the periphery of a shrinking
suspension droplet freely spread on a solid substrate ±
a case opposite to our geometry; however, that model
considers a unidirectional horizontal ¯ow of particles,
which explains only the length, K, of strips (rings). To
account for the variations in the ®lm thickness, h�t�,
which determines the ring height, v, one should also
consider a vertical ¯ow in a curved liquid ®lm.

The instability can be avoided and well-ordered
monolayers can be grown if one keeps a uniform
meniscus pro®le in the cell, for example, by gently
sucking or adding liquid [28]. One elegant method for
building up a large-scale monolayer is by continuously
assembling the particles at a meniscus shape precisely
controlled corresponding to the growth rate. This has
been done, for example, on a solid substrate dipped [56]
or rotated [58, 59] in the suspension.

E�ect of particle concentration and substrate

The crystals grown on mica from 144-nm particle
suspensions of di�erent concentrations are compared
in Figs. 13 and 14. Although the crystal radius as a

Fig. 13 The radius versus time for crystals grown on mica at di�erent
volume fractions of 144-nm latex particles (the growth parameters are
shown in Table 2)

Fig. 14a, b Latex crystals of 144-nm particles grown on mica from
suspensions of di�erent volume fractions a u0=0.0005 (sample 6), b
u0=0.01 (sample 7). Bars 0.25 mm

924



function of time is not so sensitive to a variation in the
particle concentration, the optical observations show a
di�erence in the crystal structure. An initial volume
fraction of latex of u0 � 0:0005 is not enough to
produce a dense crystal. In this case the growth
instability manifests itself as strips of ordered particles
(mainly monolayer) separated by a bare substrate
(Fig. 14a). At a very large particle fraction, u0 � 0:01,
a thick multilayer of latex remains on the substrate after
drying (Fig. 14b). Increasing u0 suppresses the growth
instability or makes it less pronounced (cf. Fig. 7b for
micron-sized latex). u0 � 0:001 seems the most appro-
priate fraction for producing crystals of good quality in
the 2-mm crystallization cell (Fig. 4). This concentration
e�ectively corresponds to a coverage of 3.4 particle
layers, if the area per particle is 1.8 ´ 10)10 cm2 and the
total number of particles in 1 ll suspension is 6.0 ´ 108.

The same particle concentration (u0 � 0:001) turns
out to be also appropriate for a good crystal of the 55-
nm latex. In this case the area is covered by 18.2 particle
layers on average (area per particle 5.2 ´ 10)11 cm2,
total number of particles in 1 ll suspension 1.1 ´ 1010).
What seems important is the total volume of latex
particles, if the solid material follows the shape of the
meniscus during drying.

The substrate (glass or mica) introduces a slight
di�erence into the crystallization process. The crystals
on mica often contain voids. With submicron-sized
particles such defects form when the meniscus is
detached from the ®rst multilayer, after which the
contact line moves freely on the mica surface with no
particle layer remaining. It can be seen with micron-sized
latexes that the moving line pushes aside the particles.
The reason for not-so-tight sticking to the substrate is
the electrostatic repulsion between the particles and the
mica surface, which also bears negative charge.

Crystalline structure and defects

The crystal layers have predominantly hexagonal lattices
as con®rmed by the microscopic observations (Fig. 15).
Normally, a crystal of 144-nm latex particles has better
ordering than a one of 55-nm particles grown under the
same conditions. One reason is that the 55-nm latex is
less monodisperse, and this cannot be improved by
®ltration. Another reason is the presence of a stabilizing
agent, which the 55-nm latex suspension should contain.
This agent most probably restricts the free motion of
particles and clusters, thus disturbing their close pack-
ing. The agent present on the mica surface after drying
explains the poorer contrast of the TEM micrograph as
well. A third reason is the shrinkage of latex particles at
complete drying, or heating by an electron beam [35],
which is more pronounced with a smaller latex. Last,
but not least, the smaller the particles the stronger the

Brownian motion opposing the convective ¯ux and
promoting structural defects.

In the transition zone between two multilayers one
can always observe a square (tetragonal) lattice
(Fig. 16). SEM and TEM observations con®rm that
the number of square-packed layers in a dry crystal
obeys the sequence described for wet layers between

Fig. 15a±c Structure of latex monolayers Transmission electron
microscope (TEM) micrographs of a 144-nm and b 55-nm latex
particles originally deposited on mica. c Atomic force microscope
micrograph of 55-nm particles on glass
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concave or inclined solid surfaces [20±22]. Hence, the
layers of square packing acquire an intermediate thick-
ness compensating the liquid meniscus slope, which
plays the same role of an upper boundary surface in our
experiment (Fig. 11c). From a thermodynamic point
of view, the square lattice does not seem stable to
predominate over a large area, unless it is constrained
between two successive layers of hexagonal packing.

These observations suggest a local porosity, eN ,
depending on the number of particle layers, N, and
their crystalline structure. For a monolayer of hexagonal
packing e1 � 1ÿ p=3

���
3
p � 0:3954, whereas for square

packing e1 � 1ÿ p=6 � 0:4764. For the respective mul-
tilayers eN can be calculated using the equations

eN � 1ÿ pN

3
���
3
p � �N ÿ 1� ���2p� � �7�

for hexagonal close packing and

eN � 1ÿ pN

3 2� �N ÿ 1� ���2p� � �8�

for tetragonal close packing [62]. Increasing the layer
number N decreases eN while increasing the crystal
density (Fig. 11d). In the limit of a bulk crystal, N !1,
both Eqs. (7) and (8) tend to the same value:
e1 � 1ÿ p=3

���
2
p � 0:2595. To reach this limit with an

accuracy of 1% one needs 60 layers at least, much more
than the average number of layers composing our 2D
crystals.

It is a well-known fact that real crystals always have
defects. For example, some metal crystals contain up to
1012 dislocations per square centimeter [1]. Similarly, the
2D crystals of latex particles also exhibit di�erent
defects, which are poorly described in the literature,
usually emphasizing a perfect structure rather than
deviations. Knowing the nature of the defects, however,
one can try to reduce them by avoiding the conditions
for their formation. Except for the empty sites (bare
substrate), described in the previous sections, we observe
several other defects in the latex crystals:

1. Point defects. If a particle is missing from the
crystal lattice (Fig. 17a), a vacancy is formed as in the
case of an atomic crystal [1]. More vacancies are
observed with micron-sized latex particles than with
submicron-sized ones, probably because the friction
between a particle and the substrate is larger in the ®rst
case than in the latter [66]. Another defect, called by us
``replace'', arises when a latex particle is replaced by a
particle of di�erent size: larger or smaller (Fig. 17b). The
replace is due to the latex polydispersity and is
analogous to the defect created by a doping atom [1].

The point defects could, in principle, be used for
recording information. For example, a vacancy could be
assigned as ``zero'' while the presence of a particle on the
same spot could be ``unity''. Using a replace of smaller
or bigger size than the standard one, the ``digits'' could
be extended up to 4. To arti®cially create point defects
and read the stored information one can manipulate the
particles in an array using AFM.

2. Dislocations. There are two dislocation types. The
®rst one we call primary dislocation, because it forms
during the crystal layer growth, is also seen on the
video. Primary dislocations separate big crystal do-

Fig. 16a±c Square lattice located in the transition zone between a
monolayer (left) and a bilayer (right): TEM micrographs of a 144-nm
and b 55-nm latex particles originally deposited on mica. c Scanning
electron microscope (SEM) micrograph of 1.696-lm latex particles on
glass
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mains of thousands of particles in a crystal of 144-nm
or 1.696-lm particles (Fig. 17c). Such dislocations are
observed in the monolayer, bilayer, triple layer, etc. A
dislocation starts from the central nucleus and goes
radially into the monolayer. Similarly, in the bilayer the
dislocations start at the boundary with the monolayer.
The total length of a primary dislocation can be about
10±100 lm. One possible explanation for the existence
of dislocations is the restricted area of crystallization:
the formation of a domain is in¯uenced by the
neighboring domains which form simultaneously on
the substrate. On a local scale a particle can easily ®nd
its right position in the crystal lattice; however, it is
impossible to precisely couple the rows and domains of
many particles, which serve as the origin of dislocations
along the line of coupling. Our experimental simula-
tions of ordered domains and dislocations with much
bigger particles support this point: glass balls of
diameter of 3 mm. The monolayer ``crystal'' is formed
by manipulating the particles on the bottom plane of a
plastic box (about 30 ´ 50 cm). A dislocation appears
at a dense coverage of the bottom area fully occupied
up to the box walls. By shaking the box one can change
the position and shape of the dislocations but cannot
avoid them completely.

The second type, called secondary dislocation, looks
like lines inside one crystal domain (cf. Fig. 15), and is
much shorter than a primary dislocation. One possible
reason for the secondary dislocations can be the
alignment of subdomains in a crystal domain, as
observed by optical microscopy during the growth of a
crystal of micron-sized particles. Another reason can be
the particle shrinkage in the course of latex drying.

3. Hills. They are macroscopic 3D defects in the
crystal, looking like dark spots on the optical photo-
graph, which are caused by particle aggregates. The
latex particles coagulate in the suspension, if their local
concentration strongly increases due to water evapora-
tion. Such an aggregate resembles a hill of particles
incorporated in the crystal (Fig. 17d). The meniscus
around the aggregate is steeper than the meniscus in the
vicinity of the monolayer thus initiating a multilayer.
Enormous aggregates can disturb the crystal layers over
a large area due to higher consumption of particles.

4. Various types of crystal lattice. Except at the
boundary between two layers of hexagonal packing, one
can observe domains of square lattices also inside a
hexagonally packed multilayer. The crystal containing
such inclusions is produced at a very low crystallization
rate, suppressing the particle motion and domain
alignment. A similar situation can be visualized with
micron-sized particles in a suspension ®lm containing
glucose. The glucose strongly increases the suspension
viscosity thus decreasing the velocity of particle motion.
The motionless particles form domains of square
packing which slowly disappear on realignment of the

Fig. 17a±d SEM photographs of defects in 2D latex crystals.
a Vacancies and b inserts, illustrated with particles of diameter
1.696 lm on glass. Primary dislocation c in a crystal monolayer and d
a multilayer hill obtained with particles of diameter 144 nm on glass
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crystal layer. Besides, some of the square domains
remain ``frozen'' in the monolayer by the glucose.

SPR microscopy of monolayers of nanometer particles

A monolayer of nanometer-sized particles, for example,
latex of size smaller than 55 nm, is invisible using an
optical microscope, especially if it is deposited on a
transparent substrate. A monolayer of 19-nm particles is
hardly seen even if it is deposited on a re¯ective metal
substrate ± thin silver ®lm (Fig. 18a). Details of the
particle layer can be clearly seen, if one illuminates the
silver ®lm from below (opposite the particle layer side)
by monochromatic light at an incident angle h
(Fig. 18b). At a certain angle bigger than the angle for
total internal re¯ection (41.3°) a deep minimum of
re¯ected light appears (Fig. 18c). The reason for this
minimum, named SPR, is the generation of electron
excitation (surface plasmon) in the metal ®lm close to
the boundary with the nanoparticle layer [67]. Using the
Fresnel equations one can calculate from the re¯ectance
data the particle layer thickness d and the complex
refractive index n̂ � n� ik [61] (i ± imaginary unit). To
do this, one should know in advance the corresponding
parameters of the silver coating, which are determined
from independent measurements of bare metal ®lm.

The layer of 19-nm particles is deposited on a silver
®lm with parameters dAg � 55 nm, nAg � 0:141 and
kAg � 3:857 ± see the reference curve in Fig. 18c. The
same parameters are also obtained from the re¯ectance,
g�h�, measured at the center of the latex ®lm: this is
evidence for the lack of particles there. Two di�erent
points of the latex monolayer, located at the sample
periphery, are then examined. The ®ts to the experimen-
tal data are drawn assuming a constant monolayer
thickness equal to the particle diameter and adjustable
optical constants. Close values of n and k have been
calculated for both points (on average n=1.17 and
k=0.07) implying uniformity of the latex monolayer.
The value of n is smaller than the one predicted for a
layer of closely packed polystyrene particles: n=1.4 [62].
This means that the nanoparticle layer obtained by using
surfactant is of lower particle density, i.e. higher
porosity, due to the great number of voids seen in
Fig. 18. Probably, the energy lost by light scattering
from nonuniformities in the ®lm determines the imag-
inary part k.

Details of the nanoparticle layer can be clearly seen
by observation with SPR microscopy. The position of
the minimum re¯ectance depends strongly on the
thickness and the refractive index of the layer, for
example, di�erent structure. When one is close to this
minimum, the latex ®lm looks bright due to the
maximum light scattered from it in a direction opposite
the substrate. In this way, looking from above with an

Fig. 18a±c Microscopic observations of nanometer particle layers
deposited on a silver-coated glass plate. Photographs of a sample with a
latex particle diameter of 19 nm (silver ®lm thickness 55 nm, bars
0.5 mm): a Optical microscope image in re¯ected white light.
b Corresponding surface plasmon resonance image in scattered light
of wavelength 632.8 nm entering the silver ®lm at an incidence angle of
44.25°, close to the re¯ectance minimum. cAngular dependence of the
re¯ectivity of latex particle monolayers deposited on thin silver ®lms.
The theoretical curves are calculated [61] with the following values of
optical parameters. For a particle diameter of 19 nm: ®rst point
n=1.177, k=0.056; second point n=1.163, k=0.089 (d=19 nm). For
a particle diameter of 55 nm: n=1.234, k=0.057 (d=55 nm)
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optical microscope, areas with di�erent thickness (and
refractive index) are distinguishable (Fig. 18b). They are
of circular symmetry, resembling the growth-instability
rings discussed previously, however, with no particle
monolayer at the cell center. This is missing due to an
unfavorable meniscus pro®le caused by increased wet-
ting of the cell wall in the presence of added surfactant.

The monolayer of 55-nm particles is deposited on a
silver ®lm with parameters dAg � 49:5 nm, nAg � 0:061
and kAg � 3:951, which determine a more-pronounced
resonance minimum of g, not shown in Fig. 18c. The
larger value of n for this latex is evidence for a denser
particle monolayer.

Conclusion

Here we show that to grow 2D crystals of nanometer,
submicron- and micron-sized particles on substrates, one
should initially form a dense nucleus of well-ordered
particles and of su�cient area. This resembles the
crystallization from melts where, to initiate the crystal-
lization, a crystal seed must be immersed in the molten
material. In the 2D case the seed (nucleus) is created
directly on the substrate, where the thickness of the
suspension ®lm becomes equal to the particle diameter.
At that moment the latex particles are collected in
ordered domains by the attractive capillary force. Once a
2D nucleus is formed, the crystal growth is mainly
governed by the rate of evaporation and the meniscus
pro®le. The convective water ¯ow toward the ordered

domain in the central region carries more particles to
increase the overall crystal area with time. The compe-
tition between the particle transfer and the motion of the
contact line leads to growth instability manifested as
periodic concentric rings. The smaller the particles the
larger the ring number and the number of layers in a
ring. The latex layers are hexagonal crystalline lattices
although square lattices are found locally being of
intermediate thickness between two neighbouring layers.

Varying the evaporation rate (humidity) controls the
crystallization rate. To obtain crystals of good structure
one should maintain a high rate of crystallization, i.e.
low humidity. The crystals of smaller particles grow
faster than the crystals of larger particles. The best
crystal structures are grown from a suspension of 0.001
volume fraction of particles. Both mica and glass seem
suitable as substrates for 2D crystals.

Optical microscopy observation of the crystal struc-
ture and growth is possible even for submicron-sized
latexes. For nanometer-sized particles, however, other
methods such as SPR microscopy have to be applied.
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