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Abstract

Monolayers of charged polystyrene latex particles ranging in size from 100 nm to 10�m were deposited on oppositely charged polyelec-
trolyte multilayers (PEMs) by electrostatic interactions and capillary forces. Ultrathin PEMs (∼30 nm) formed on a glass slide provided an
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xcellent underlying adhesive layer. As the sample surface was being dried, strong capillary forces between particles resulted
attern of particle monolayers (i.e., two-dimensional (2-D) particle aggregates). The resulting topographical structure of the coatiny

nfluenced the transmission of visible light through the slides. The total and specular transmittances showed three different chara
function of particle size: (1) anti-reflection, when the particle diameter (Dparticle) is around a quarter of the wavelength of the incident vis

ight (Dparticle∼ λvis/4), (2) diffraction, when theDparticle is equivalent to the wavelength of the incident beam (Dparticle∼ λvis), and (3) diffusive
cattering when theDparticle is bigger than the wavelength of the incident beam (Dparticle∼ λvis). Additionally, for the first time, the monolay
overage and fractal-dimension analyses have been reported over a wide range of particle sizes. Functional groups present in th
llow further customization via chemical modification.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Studies of colloidal particle assembly at surfaces have pro-
ided fundamental insight into colloidal behavior and aggre-
ation, and suggested potential applications such as optical
and gap materials and coatings. Ordered, three-dimensional
3-D) colloidal multilayers have been investigated as optical
lters and photonic crystals[1–8]. Two-dimensional (2-D),
olloidal assemblies have been investigated for applications
ncluding anti-reflection (AR) coatings[9], gratings[10],
nterferometers [11], photolithographic masks[12–14],
nd optical coatings[15–17]. Recent developments in 2-D
ssemblies include the positioning of particles on desired
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surface regions[18–24]and incorporation of molecular a
colloidal materials into spatial patterns[7,15,25].

Two-dimensional particle monolayers assembled on
faces can be categorized as either densely close-pack
randomly dispersed. Densely close-packed particle mon
ers have been fabricated using spin coating[26], Langmuir
Blodgett (LB)-techniques[27], thin laminar flow liquid film
[28], monolayer transfer[12], and electrophoretic depositi
[29]. Although these methods have successfully prod
hexagonally packed particle arrays, they were tedious to
form or required specific devices; in addition, long-range
dering has been a problem for their practical applicati
Evaporation methods are simple and widely used in m
ing densely packed particle monolayers[30], but the size o
ordered regions produced has been limited. To achieve
packing over a larger area, additional control is required (
tilting samples in the evaporation process[13]).

927-7757/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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On the other hand, fabrication of randomly dispersed
monolayers is relatively easy and does not require special
devices[9,31–36]. Also, random particle monolayer coatings
can avoid ‘Bragg Diffraction’, which must be minimized for
certain coating applications (e.g., diffusive scattering films).
Among various random deposition methods, electrostatic
deposition using polyelectrolyte multilayers (PEMs) as an
ultrathin adhesive layer has advantages of being simple
to perform, cost-effective, and environmentally friendly.
PEMs are formed in the layer-by-layer assembly process,
which consists of the sequential alternating immersion
of a substrate into polycation and polyanion solutions to
construct a nanostructured ultrathin film. Charged particles
can then be deposited via electrostatic interactions to form
monolayers atop the PEM.

Layer-by-layer electrostatic assembly of PEMs, originally
developed by Decher[37,38], has been widely studied be-
cause of its versatility and potential applications. Fabrication
of nanostructured PEM films is simple and can be suc-
cessfully achieved without the need for a clean-lab facility
[39–41]. The PEMs can be formed on flat, curved, and even
spherical surfaces (e.g., a colloidal particle)[7,42,43]. Ad-
ditionally, PEMs contain multiple functional groups that can
serve as molecular templates for further customization. Den-
drimers[44–47], proteins[48–50], cells[51], and inorganic
nanoparticles[52–61]have been co-assembled into PEM.
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Average molecular weights of PDAC and SPS were
∼100,000−200,000 and 70,000, respectively. Microscope
glass slides were ordered from corning and used as trans-
parent substrates for PEMs and particle coatings. All aque-
ous solutions in the processes were prepared using deionized
(DI) water (>18.1 M�) supplied by a Barnstead Nanopure
Diamond-UV purification unit equipped with a UV source
and final 0.2�m filter. All procedures were done at room
temperature.

Glass slides were first cleaned twice in an ultrasonic unit,
first with a commercially available detergent (Alconox, Al-
conox Inc.) and then without. Slides were dried under a N2
gas stream and then treated with oxygen plasma for 10 min
at 150 mTorr vacuum to activate negative surface charges on
the glass.

Aqueous polyelectrolyte solutions were prepared contain-
ing either 20 mM PDAC or 10 mM SPS in 0.1 M NaCl.
PDAC/SPS bilayers were then deposited by sequential im-
mersion of the glass slides into the two solutions using a
Microm DS 50 Slide Stainer purchased from Richard-Allan
Scientific. PDAC was deposited first, because its positively
charged amine groups bind to the negatively charged hy-
droxyl groups of glass. In each step, the slides were im-
mersed in a polyelectrolyte solution for 20 min, followed by
two 5 min rinses in DI water. After each PDAC/SPS bilayer
was deposited, the slides were immersed in an ultrasonic bath
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The properties of randomly dispersed monolayers de
n particle dispersion and clustering tendencies. Ran
lose-packed (RCP) particle monolayers contain branch
tructures of interconnected and/or hexagonally packed
icles. Lateral capillary forces and convective flow of s
ent between particles help form ordered regions du
olvent evaporation[30,62,63]. Hattori demonstrated th
andom monolayers of silica and polymeric nanopart
Dparticle∼ 1/4λ) yield an AR coating effect[9]. The struc
ure and optical properties of the particle coatings were
rolled by electrostatic repulsions and attractive capi
orces[15,34].

While the optical properties of colloidal multilayers a
lose-packed monolayers have been extensively stu
hose of randomly adsorbed or RCP monolayers have
n this study, we systematically investigated RCP mono
rs produced by electrostatically adsorbing PS particle

ween 100 nm and 10�m in diameter on PEM-coated gla
lides. The surface coverage and fractal dimensions o
CP monolayers were measured using image analysis

he optical properties were studied using both total and sp
ar transmittance. The possibility of modeling RCP mono
rs based on the 2-D coverage and fractal dimension an
sing a box-count method[64] was also considered.

. Experimental procedures

Poly(diallyldimethylammonium chloride) (PDAC) a
ulfated poly(styrene) (SPS) were purchased from Ald
or 1 min to remove loosely attached polyelectrolyte. T
equence was repeated until (PDAC/SPS)10.5 bilayers were
ormed. (PDAC/SPS)10.5 bilayers have a positive PDAC to
ayer which is needed to electrostatically bind the negat
harged PS particles. Substrates were finally dried unde2
as stream and stored for particle coating. The surfactan
ulfate-functionalized and carboxylic-acid-functionalized
articles were obtained from Interfacial Dynamics Corp.,
olysciences Inc., respectively. Size-distribution and sur
harge density information obtained from the manufactu
s shown inTable 1.

To bind PS particles to the PEM, a 0.5 wt.% colloi
olution was gently dropped on the glass slide. After
ncubation, the particle-coated substrates were wa
arefully with deionized water and dried under a N2 stream
icroscopic images of the coatings were obtained usi
ikon Eclipse ME600 optical microscope and a JEOL 64
canning electron microscope (SEM) with a LaB6 emi
he degree of surface coverage was determined by cou
articles in a given area. Coverage measurements
epeated several times in both particle-rich and particle-
egions. Data were reported as average standard dev
alues.

Microscopic images were further investigated by fra
nalysis using a 2-D box-counting method[64]. All mono-

ayer images were scaled to have the same particle size
ach particle was considered as a single point. The max
umber of boxes was 4096. Boxes were counted man
nd plotted on logarithmic-scale graph. Fractal dimens
ere calculated using a least squares regression meth
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Table 1
Details of particles used and their monolayers

Particle
size (�m)

Size distribution
diameter± S.D. (�m)

Surface functional
group

Surface charge
density (�eq/g)

Monolayer coverage by
particles± S.D. (%)

Fractal dimension,
Df

0.14 0.14± 0.003 Sulfate 3.4b 32.6± 1.8 1.778
0.2 0.194± 0.009 Carboxylate 100–200a N/Ac N/Ac

0.5 0.477± 0.01 Carboxylate 100–200a 40.4± 9.9 1.799
1 1.0± 0.047 Sulfate 83.9b 39.4± 0.8 1.804
2 1.96± 0.06 Carboxylate 100–200a 39.4± 1.4 1.800
3 3.00± 144 Carboxylate 100–200a 54.2± 1.7 1.828
4 4.0± 0.14 Sulfate 0.8b 59.4± 2.9 1.848
5 4.9± 0.275 Sulfate 0.5b 47.4± 6.3 1.846
8 7.9± 0.845 Sulfate 0.4b 67.4± 18.7 1.826

10 9.6± 0.710 Sulfate 1b 65.1± 19.7 1.835
a Approximation from the Polysciences Inc.
b Approximations from the Interfacial Dynamics Corp.
c 0.2�m particles resulted in local bilayers in the entire region. Surface monolayer coverage is not applicable.

UV/VIS/NIR Spectrometer Lambda 900 (Perkin-Elmer) was
used to study the optical properties of the samples. Two detec-
tors, a photomultiplier tube (PMT) and an integrating sphere
(IS), were used for specular and total transmittance character-
ization, respectively. All spectroscopic spectra of the samples
were referenced against air, without a substrate.

Scheme 1illustrates the difference in measurement prin-
ciple between the PMT and IS detectors. The IS detector
collects all light passing through the substrate regardless of
the back scattering angle (total transmittance), while the PMT
detector only captures light transmitted in the same direction
as the incident light (specular transmittance). Transmittance
spectra from both detectors were averaged at 400–800 nm
wavelength range to compare the size effects on scatter-
ing (averaged total and specular transmittances). The total
transmittance spectrum of every particle monolayer is not re-
ported, because there was little change in light intensity with
wavelength. However, all specular transmittance spectra are
presented and categorized into three groups, depending on
the optical behavior.

3. Results and discussion

The thickness of (PDAC/SPS)10.5 films was previously
reported to be around 30 nm[51]. The stability of particle
coatings was found to depend on the thickness of PEMs since
a single cationic polyelectrolyte layer was not sufficient to
strongly hold larger ionic PS particles more than 3�m. In
addition, the PEM adhesive layers used in the work did not
significantly affect the transmission of light in the visible light
regime.

3.1. Formation of particle monolayers on PEMs

Fig. 1 shows the SEM and optical microscope images of
the particle monolayers assembled on the (PDAC/SPS)10.5-
coated glass slides. A monolayer of the negatively charged
particles strongly adhered to the positively charged surface
of the PEMs. However, particle multilayers that adhered to
the initial adsorbed particle monolayer by the force of grav-
ity were easily rinsed away since no specific interactions like

S g on d he inte
s bstrate e
c sulting
cheme 1. Measurement schematics for the transmittance dependin
phere (IS) detector captures all the light transmitted through the su
aptures light transmitted in the same direction as the incident light re
etector types. (A) Total transmittance. (B) Specular transmittance. Tgrating
s resulting in total transmittance. The photomultiplier tube (PMT) dtector only
in specular transmittance.
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Fig. 1. SEM and optical microscopic images of self-assembled monolayers of functional polystyrene particles on PEMs. Depending on the size of particles,
monolayers result in randomly adsorbed particles or random-close-packed clusters. (A) SEM image of 140 nm sized particles. (B) SEM image of 500 nm sized
particles. (C) Optical microscopic image of 4�m sized particles.

electrostatic interaction were introduced between the same
charged multilayered particles. It was observed under the op-
tical microscope that before the evaporation of solvent parti-
cles (larger than 5�m) on the substrate moved around even
with the strong attractive force to the surface. Once the solvent
was completely dried, all samples resulted in the irreversible
2-D particle aggregates on the PEMs.

Particles 140 nm in diameter formed monolayers in which
particles were well dispersed on the PEM surface, with in-
teractions between particles being limited to small, 2-D clus-
ters and chains (Fig. 1A). Microspheres (0.5–10�m) formed
monolayers having larger 2-D clusters with fractal-like prop-
erties (Fig. 1B and C). Two hundred nanometers sized parti-
cles did not form a complete monolayer; instead they formed
local bilayers in a wide area of samples. It may require a more
vigorous washing step to prepare complete monolayers.

In the beginning of functional particle deposition in aque-
ous solution, the negatively charged particles were attracted
to the positively charged PEM surfaces until the available
PEM surfaces were fully occupied. Then, during the sample
drying step when the water level became comparable to the

size of adsorbed particles, a rearrangement of adsorbed par-
ticles started to occur, resulting in uniquely self-assembled
monolayer patterns on the PEM-coated glass slides, as shown
in Fig. 1. During the rearrangement of adsorbed particles near
or on the PEM-substrate, two conflicting forces, repulsive and
attractive forces, compete to determine the pattern of the self-
assembled particle monolayers. It is not simple to describe
in detail how exactly all the factors contribute to the attrac-
tive and repulsive force, but in this work mainly capillary
attractive forces and electrostatic repulsive forces are consid-
ered. The repulsive forces between particles adsorbed onto
PEM surfaces are mainly due to the same particle charges.
The attractive forces are because of capillary forces stimu-
lated from the menisci of water formed around the particles
[22]. The low density of sulfate groups makes the surface of
the particle relatively more hydrophobic than the high den-
sity of carboxylate groups (seeTable 1). However, in the
case of larger particles the two different types of functional
groups did not significantly affect the final fractal structures
of 2-D aggregated particle monolayers. This is because only
attractive capillary forces can be generated between the same
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type of particles whatever they are hydrophilic or hydropho-
bic surfaces. The capillary force is known to be two orders
of magnitude higher than the electrostatic repulsion force for
micron sized particles[22]. However, in the case of the small-
est particles (140 nm), the capillary force did not play a role
in particle rearrangement (seeFig. 1A). Unlike the larger par-
ticles, the smallest particle monolayers remained almost the
same without rearrangement during the drying step. Repul-
sive forces hinder the packing of two-dimensional particles
while attractive forces help the packing of particles by the
convective transport of particles toward the close packed re-
gion. We believe that the attractive forces were smaller than
the repulsive forces in the case of 140 nm nanospheres, this
results in particles that are relatively isolated from each other
[66]. This conclusion is supported by the fact that particle
closed packing can be obtained in the same system by re-
ducing electrostatic repulsive forces between particles us-
ing surfactant charge screening[19]. For particles larger than
0.5�m, the attractive forces were dominant at the last stage
of drying, resulting in the RCP particle monolayers.

Quantitative analyses of capillary force between colloidal
particles and electrostatic repulsive are complicated, espe-
cially in a multi-particle system, and affected by not only
the size of particle but also chemical composition of particle
surface, charge distributions, and surface morphology. The
detailed quantitative studies remain as future work.
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and there is a limit for coverage known as the jamming limit
of random sequential adsorption (RSA)[68,69]. 54.7% is in
good agreement for the maximum coverage by this model
[68,69]. However, RCP monolayers with particles greater
than 2�m have coverage greater than this limit (seeTable 1).
This means there is movement and diffusion of particles dur-
ing the deposition and evaporation processes, which allow
the particles to surpass the jamming limit. It also implies that
the RSA model cannot explain the formation mechanism of
RCP monolayer, though it resembles the initial stage of a
RCP monolayer before evaporation of the solvent.

The structure of colloidal aggregates formed in this pro-
cess is a fingerprint of the kinetics and mechanism of ag-
gregation. Simple aggregation models and real aggregation
processes frequently lead to fractal structures that can be de-
scribed in terms of fractal geometry concepts[70]. Fractal
geometry, also known as the fractal dimension, enables us to
relate certain aggregates to a proper kinetic and growth mech-
anism model[71]. In two-dimensional analysis, the fractal
dimension has a value of between one and two. When fractal
geometry completely fills a certain area of the surface, the
fractal dimension reaches the maximum value of 2.

We calculated the fractal dimensions of our samples in
an effort to find a proper model to explain the uniquely self-
arranged particle monolayers on PEMs. The last column of
Table 1presents the calculated 2-D fractal dimensions,D , of
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.2. Structure of self-assembled particle monolayers on
EMs

Table 1shows physical data of the particles used in
ork and monolayer coverage characterized by direct

icle counting. The fifth column ofTable 1shows the ca
ulated particle coverage, ranging at 32.6–67.4%, from
icroscopic images. The coverage of the particle monola
enerally increased with an increase in the size of the p
les. We believe that this reflects the dependency of cap
orce on the particle size, which is the main contributio
he structural rearrangement of particle monolayers du
he drying step. However, the surface coverage did not r

theoretical maximum in this work. The calculated m
um surface coverage by spherical objects is 90.69%

hey are hexagonally packed. Electrostatic monolayers d
orm hexagonally packed monolayers due to the stron
ulsive electrostatic forces, as reported elsewhere[19].

Surface coverage mainly relates with the dynamic ac
f capillary and electrostatic forces, and also possibly
ther factors such as gravitational force and hydrodyn

nteractions[67]. Serizawa et al.[33] demonstrated the co
rollability of nanoparticles surface coverage using salt
entration, indicating the importance of hydrodynamic
eractions on surface coverage. However, we experimen
bserved that the net attractive forces inducing 2-D par
ggregates were found to be proportional to the particle

When particles are strongly attached to the substrate
iffusion process or surface migration of particles is hind
f
ach sample. Fractal dimensions of RCP monolayers

rom 1.778 to 1.848. The aggregation shape of the RCP m
losely resembles that of cluster-cluster aggregation by
ary clusters. There are two different models for this
f aggregation, ‘reaction-limited cluster-cluster aggrega
RLCCA) and ‘diffusion-limited cluster-cluster aggregatio
DLCCA) [72].

When an aggregation rate is solely affected by the d
ion and collision of particles, the DLCCA model can exp
he process[73]. On the other hand, an aggregation rat
imited by a residual energy barrier of bond formation,
uiring higher collision energy; the RLCCA model app

74]. When there is a residual repulsive force between
iding particles, generally RLCCA model better explains
ynamic aggregation phenomena. In addition, it is kn

hat the fractal dimension of RLCCA is higher than tha
LCCA [72]. A high fractal dimension of RCP monolay

ndicates its close relationship with the RLCCA model. H
ver, relating the aggregate structure on PEM to a sp
rowth mechanism is not fully understood in this paper,

urther theoretical and experimental research is require

.3. Light transmittance of particle-coated samples

Fig. 2A shows the average total transmittance of the s
les at the visible light range (400–800 nm), which was m
ured using a UV–vis spectrometer equipped with an IS
ector. The average total transmittances, ranging from 9
o 94.12%, remained very high and are comparable to th
es of a pure glass slide. The average transmittance of a
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Fig. 2. Averaged transmittance measured using an IS and a PMT detectors
with a wavelength range of 400–800 nm. (A) Average total transmittance
measured using an IS detector. The IS detector captures all light transmitted
through the sample films resulting in total transmittance. (B) Average spec-
ular transmittance from a PMT detector. The PMT detector only captures
light that is not scattered by the substrate resulting in specular transmittance.

glass slide measured by the same IS detector was 91.86%
at the same range of wavelengths. According to the total
transmittance of the samples, reflection or absorption by the
coated polystyrene particle monolayer has been small. Also,
there is no significant particle size effect on the observed total
transmittance. This implies that the particle monolayer coat-
ings are suitable for optical coatings with little light loss by
backscattering.

Fig. 2B shows the averaged specular transmittance mea-
sured using a PMT detector. The specular transmittance
varies with the size of particle. A decrease in the specular
transmittance compared to the observed total transmittance
of the same sample indicated that some portion of incident
light did not reach the detecting point because of a ‘scattering’
event. Monolayers of particles bigger than 0.5�m yielded an
‘apparent scattering’ event when incident visible light passed
through the particle coated glass slides. Apparent scattering
happens when the size of the scattering particle is equal to or
greater than the wavelength of incident radiation[75]. Particle
coated glass slides with 140 and 200 nm sized particles did not
exhibit significant scattering events. The samples looked ei-
ther transparent without scattering events or translucent with
those scattering events, depending on the size of particles.

Fig. 3 shows the specular transmittance spectra from
the UV–vis spectroscopy experiment using a PMT detec-

Fig. 3. Specular transmittance spectra measured using a PMT detector. De-
pending on the size of particles, optical properties were categorized into three
main groups: (A) anti-reflective, (B) diffractive, and (C) diffusive scattering
behaviors.

tor, which was not averaged. There are three main behav-
iors observed which are dependent on the particle size: anti-
reflection behavior for the particles ranging in size from 0.14
to 0.2�m (Fig. 3A), diffraction for the particles ranging in
size from 0.5 to 4�m (Fig. 3B), and diffusive scattering for
the particles ranging in size from 5 to 10�m (Fig. 3C).

Fig. 3A shows the transmittance spectra using a PMT de-
tector in the visible light range, 400–800 nm. Particles with
diameters of 140 and 200 nm have an AR behavior and exhibit
an enhanced transmittance that is greater than that of a pure
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glass over certain parts of the light range. Glass slides coated
with particles on both sides have a higher transmittance than
those coated on a single side. The maximum value of trans-
mittance for this particle size was measured to be 97.52% at
a wavelength of 635 nm, which is much higher than that of
the pure glass slide (ca. 92%).

To be an AR coating, the designed film should satisfy two
conditions[76]. The thickness of the AR coating must be a
quarter of the incident wavelength andnc = (nans)1/2, where
nc, na, andns are the refractive indices of the coating, air,
and substrate, respectively. Anti-reflective behavior is due to
the destructive interference between reflected light from the
top surface of AR coating and from the reflected light of
the interface between the AR coating and substrate. Also,nc
must have a value in betweenna andns so that the change
in refractive indices of the media is gradual and reduces the
amount of light reflecting backwards from the substrate.

The particle coatings that we produced with 140 and
200 nanometers sized particles satisfy both conditions for an
AR coating. The thickness of these monolayers is directly de-
cided by the diameters of the particles, which is around a quar-
ter of the visible light wavelengths. Refractive indices of air,
glass, and polystyrene particles are generally 1, 1.5, and 1.59
(data from Interfacial Dynamics Corp.), respectively. Due to
the random deposition of particles, the monolayer has many
pores between polystyrene particles that are filled with air.
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RCP structures. Maxima and minima in the spectra represent
the change in intensity with the change in the wavelength of
incident monochromatic light.

Interesting results from the diffracted transmittance spec-
tra are obtained for monolayers made from 0.5 to 1�m sized
particles. A 0.5�m sized particle monolayer completely scat-
ters blue light but transmits about 58% of incident red light.
To the contrary, a 1�m sized particle monolayer scatters al-
most all incident red lights but passes 42% of incident blue
light. By simply changing the size of the particles a particle
monolayer can selectively block a specific wavelength.

Current studies on the selective transmission of incident
light by diffraction have focused on 3-D colloidal crystals.
In this case, sharp peaks at specific wavelengths are exhib-
ited due to the Bragg diffraction through the ordered arrays.
Selectivity in the transmission of light in narrow wavelength
regions is useful in diffractive components of optical filters or
in grating applications[2]. Different from ordered aggrega-
tions, RCP monolayers produce broad peaks that are unique
in their diffraction through 2-D or 3-D multilayers.

While the details of this diffraction mechanism need to be
further studied, we expect that there may be other potential
applications in which this broad selective transmission can
be very useful. We can further tune the optical selectivity
using commercially available fluorescent particles[81]. Ad-
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Fig. 3B shows the oscillating specular transmittance s
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inges the monolayer surface vertically, and particle s

ure is not fully ordered, Bragg diffraction is not arrang
o explain this diffractive pattern. Instead, we believe
iffraction event can be categorized into Fraunhofer diff

ion, which occurs when light propagates through an ind
al aperture or translucent screen[76]. This is supported b

he fact that there is a typical airy disc created by a circ
perture when the laser from a laser pointer is shined thr

he samples. However, this airy disc pattern is unclea
itionally, we can control these broad peaks using mixe
olydispersed particle monolayers.

Fig. 3C shows the specular transmittance spectra u
PMT detector from particles with diameters of 5, 8,

0�m. This group exhibits uniform diffusive scattering
ncident light. The transmitted light reaching the PMT
ector shows a uniform intensity along with the waveleng
he specular transmittance was decreased when compa

he total transmittance. This means that there happened
scattering event that changed the direction of the inc

ight. Optical coatings of the particle monolayers in this gr
ransmitted diffraction free and uniform light. Once agai
s noted that the total transmittance measured using
etector remained almost the same irregardless of the

icle size. The transmitted light, through the self-assem
onolayers on PEM-coated glass slides, were scatter
iffracted differently depending on the topological surf
tructures controlled by the size of particles.

.4. Conclusions

We have studied the functional PS particle size eff
n the formations, structures, and optical properties o
niquely self-assembled particle monolayers on PEM-co
lass slides. The particles formed RCP particle mono
rs that deposited on the substrate by electrostatic a

ion forces and then rearranged by capillary forces am
he attached monolayer particles. Compared to other
le deposition approaches, the overall procedure used i
ork was very simple, cost-effective, and environment
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friendly. The formation and structure of the self-assembled
particle monolayers (i.e., RCP particle monolayers) was an-
alyzed using surface particle coverage and fractal dimension
analysis. The optical properties of the self-assembled particle
monolayers measured using two different detectors showed
very interesting particle size dependencies. Even though the
apparent changes dependent on particle size could be iden-
tified with the bare eye, the total transmittance, measured
using an IS detector, remained unchanged and conversely
the specular transmittance, measured using a PMT detector,
changed considerably. No significant reflection or absorption
by the coated monolayer has been found. This indicates that
the incident visible light optically interacts with the particle
monolayers through optical interference, diffraction, and/or
scattering events. Three main optical characteristics as a ra-
tio of particle diameter versus wavelength of incident visi-
ble light (D/λ) are the following: (a) anti-reflection (when
D/λ ∼ 0.25), (b) diffraction (whenD/λ ∼ 1), and (c) diffusive
scattering (when,D/λ > 1). These functional and topographi-
cally structured surfaces can be further used as templates for
selective and non-selective metal plating[82], cell adhesion
[83], and quantum dot deposition[7].
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