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ABSTRACT: We demonstrate a method for producing
thickness- and refractive index-tunable antireflection coatings
utilizing a one-step spin coating procedure with silica
nanoparticle solutions. Aging nanoparticle solutions under
controlled pH and temperature induces aggregation, allowing
precise control of the porosity and refractive index of the spin-
processed coating. Coating thickness measurements as a
function of solution aging time and temperature allow for
determination of the activation energy of the reaction-limited
aggregation process. We demonstrate optimization of the
antireflection effect for a single-layer silica nanoparticle coating
on glass, and suggest that the aggregation method may be generalized to various other nanoparticle-based assemblies.
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The performance of a single-layer antireflection (AR)
coating can be optimized through careful control of the

coating thickness and refractive index. Porous oxides have long
been attractive for use as thin-film optical coatings because of
their low cost, ease of preparation, and potential for index
adjustment by varying the degree of porosity in the coating.1−17

In this communication, we describe a straightforward one-step
process for creating index- and thickness-tunable AR coatings
from commercially available silica nanoparticle solutions that
have been aged under conditions in which the silica
nanoparticles undergo controllable aggregation in solution
before application to a substrate via spin-coating. The extreme
ease and flexibility of the process make it an attractive
alternative to other types of sol−gel5,8,10,14,17 and layer-by-
layer12,13,15,16 schemes that require more detailed procedures
and longer processing times. In addition, we demonstrate that
the aggregation and spin-coating process is a viable route for
examining aggregation kinetics, including determining activa-
tion energies for the surface reactions that drive nanoparticle
aggregation at near-neutral pH.
AR coating design and fabrication is a well-established yet

very active field of research.18 The high level of interest in the
field is due to a number of factors, notably including the
broadening range of optical technologies and materials to be
coated, as well as the desire to include insights from nature into
the design of biomimetic structures (e.g., “moth eye coatings”)
that differ structurally from the classical single- or multilple-
layer coating approaches.18,19 Nevertheless, more conventional
coating approaches remain popular and technologically

important due to their relative flexibility of design, low cost,
and ease of fabrication.
Single-layer quarter-wave AR coatings are designed to

suppress reflection of light at the interface between an ambient
medium (typically air, nair = 1) and a substrate (here glass
slides, nsub = 1.56). The coating causes deconstructive phase
matching of beams reflected from the coating surface and the
coating-substrate interface, resulting in enhanced transmission
of light.20 The minimum reflection of such coatings occurs at a
wavelength λmin = 4ncd, where d, the thickness of the coating, is
typically chosen so that λmin is near the center of the visible
spectrum (≈ 550 nm). An AR coating is most effective when
the refractive index of the coating is equal to the geometric
mean of the ambient and substrate indices,20 i.e., nc =
(nairnsub)

1/2. For example, the glass slides in this work have n
≈ 1.56, so an optimum coating index and thickness would be nc
= √nsub = 1.25 and d ≈ 110 nm. Optical elements are made
from a variety of materials, however, and a versatile AR coating
process would allow for tuning both the index and coating
thickness to optimize the antireflection effect in a given system.
In this communication, we spin coat solutions of silica
nanoparticles to create porous silica coatings that naturally
have nc such that 1 < nc < nsilica (≈ 1.5). The principles we
outline, however, could also be applicable to colloidal sols of
higher index oxides such as TiO2 that could be utilized to
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design coatings on higher index materials such as sapphire,
diamond, and silicon.
Utilizing a commercially available silica nanoparticle solution

(Ludox HS-30, 12 nm diameter), we first demonstrated
thickness control by spin-coating aqueous dilutions of the
stock solution onto silicon wafers, followed by measurements of
the thickness and refractive indices of the resulting coatings
using reflectometry and ellipsometry and assuming a single-
layer Cauchy dispersion model (Figure 1a). All of these

coatings were found to be of excellent optical quality, being
visually uniform in color and exhibiting no cracking or other
major imperfections for any of the solution concentrations
below 9 wt %. The lack of fracturing in these coatings upon
drying during the spin coating process was a significant
observation, as cracking is generally a difficult problem to
overcome during solution processing of colloidal thin film
systems.21,22 We did observe cracks in thicker coatings
produced from higher concentrations of silica, but the onset
of cracking appeared in coatings too thick (>300 nm) to exhibit
ideal AR behavior. The single-layer AR coatings in this work
could be manufactured crack-free because their thicknesses
were below the critical cracking thickness for the system, which
is a parameter dependent upon the shear modulus of the
particles, the water−air interfacial tension, and the volume
packing fraction of the coating.21 In related work, however, we
have found that thicker crack-free coatings may be manufac-
tured from successive spin-coating of thinner crack-free
layers.23 For the single-layer coatings in this work, Figure 1a
shows a strong linear correlation between coating thickness and
solution concentration; these data confirm that diluted
nanoparticle solutions can be easily utilized to create coatings
of a specified thickness. The coatings exhibited a constant

refractive index (within measurement uncertainty) of nc ≈ 1.37
± 0.02 (single index values are reported at 633 nm) for all
thicknesses, suggesting no major difference in particle packing
for spin-coated coatings between approximately 60 and 200 nm
in thickness.
Depending upon the type of effective medium model chosen

(see the Supporting Information for more details), a measure-
ment of nc = 1.37 ± 0.02 for these coatings implies a porosity of
19 − 23%. This value is lower than the value of 45% reported
previously for all-SiO2 nanoparticle coatings assembled via the
layer-by-layer (LbL) method,12 suggesting that the one-step
spin coating approach described here leads to relatively low
porosity coatings. This was confirmed by examining the surface
of a spin coated sample in SEM (Figure 1b), which clearly
showed a dense particle packing with localized regions of
crystalline order. Figure 1b also reveals a small degree of
polydispersity and irregularity in the particles comprising the
coating; these observations may explain why our calculated
porosity was lower than both the typical expected value for a
random close packing of monodisperse spheres (36%), as well
as the theoretically lowest possible porosity based on the
hexagonal or face-centered close-packing of monodisperse
spheres (26%). It is known that both polydispersity as well as
deviations in shape of spherical particles can lead to increases in
the expected packing density;24 it appears that for our system
both factors may play a role in forming a densely packed
coating.
The ability to adjust (in particular, lower) the coating

refractive index for a one-step spin-coated sample necessitated a
strategy for preventing close packing of the nanoparticles
during the coating drying step. We focused on inducing
aggregation among the nanoparticles prior to spin deposition,
with the expectation that irregularly shaped nanoparticle
aggregates would prohibit the degree of close packing observed
in diluted stock samples. The SiO2 nanoparticles we utilized
here are negatively charged in solution (pH ≈ 10); therefore,
initial efforts to induce aggregation focused on the addition of
positively charged flocculation agents including nanoparticles
and polyelectrolytes at varying concentrations. Ultimately, these
efforts failed to produce nanoscale flocs that could effectively
decrease the coating index while maintaining good optical
clarity.
Our next approach focused on simply lowering the pH of the

silica stock solution to reduce the negative surface charge on
the particles and induce aggregation through condensation
reactions of surface hydroxyl groups. Silica nanoparticle
solutions are known to possess nontrivial pH stability
characteristics. Low pH values are catalytically unfavorable for
the condensation of hydroxyl groups, while high pH values
discourage particle collisions due to increased negative surface
charge.25 The result is that silica nanoparticle solutions tend to
be least stable at near-neutral pH; consequently, to induce
aggregation we adjusted 30 wt % silica stock solutions to pH
7.0 utilizing HCl and aged the solutions for a controlled
amount of time at laboratory temperature (23 °C) before
removing an aliquot of the aggregated nanoparticle solution
and diluting it with water to a concentration of 5 wt % and spin
coating onto a Si wafer. To evaluate the effect of temperature
on the aggregation reaction and test whether it is possible to
control the aggregation kinetics, we performed additional
aggregation experiments at 4, 50, and 60 °C, in each case again
removing aliquots of the stock solution at controlled time
intervals, diluting to 5 wt %, and spin coating onto Si wafers.

Figure 1. (a) Coating thickness (closed squares) and refractive index
(open circles) for silica colloidal coatings on silicon as a function of the
nanoparticle solution concentration. (b) SEM surface image of a
coating illustrating the high density of particle packing.
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The thickness and refractive indices of all coatings were
measured using both spectroscopic ellipsometry and reflec-
tometry, and the results are shown in Figure 2.

As illustrated in Figure 2a, the thickness of the aggregated
particle coatings was a function of both the solution aggregation
time and temperature. When allowing aggregation to proceed
in solution at a given temperature, the resulting coating
thickness from spin-coated aliquots increased linearly with the
time at which the solution was sampled, exhibiting an R-
squared correlation coefficient >0.99 for the three highest
temperatures. At 4 °C, an approximate linear trend was still
evident, but the correlation coefficient decreased to 0.89. The
fact that all samples were prepared by spin coating from
solutions of the same concentration suggested that the increase
in coating thickness was due to the spin deposition of sol
aggregates of increasing size and decreasing ability to pack
densely within the coating. The apparent linear trend in coating
thickness with time led us to hypothesize that the rate of
change in coating thickness at a given temperature may in turn
reflect the kinetics of the aggregation process. Plotting the slope
of the coating thickness versus time data from Figure 2a as a
function of inverse temperature revealed an Arrhenius-type
relationship with R-squared = 0.99 (Figure 2b). The activation
energy (Ea) determined from the slope of the correlation line
was 57 ± 10 kJ/mol. This value is within the range of Ea values
(32 to 69 kJ/mol) reported previously for silica sol aggregation
processes,25 making it reasonable to assume that the increase in
coating thickness with time does indeed reflect the aggregation
kinetics of the silica particles. This conclusion was further
corroborated by dynamic light scattering (DLS) measurements
of aggregate size as a function of temperature and time (see the
Supporting Information, Figure S1a); these data confirmed an

increase in hydrodynamic diameter of aggregates in solution as
a function of time. The DLS data confirm an exponential
functional dependence of the aggregate diameter as a function
of aging time at a given temperature, which is expected for a
reaction-limited aggregation process.26,27 Moreover, the
activation energy of the kinetic rate constant deduced from
DLS-measured aggregate growth (55 ± 5 kJ/mol) agreed very
closely with the number we obtained from the coating thickness
data. Interestingly, an exponential-type growth of hydro-
dynamic radius for solution-phase aggregates translates into a
linear-type growth rate of spin-processed coatings, the origin of
which warrants further study.
Figure 3 provides further evidence that the increase in

coating thickness shown in Figure 2a is strongly correlated with

a decrease in coating density. As illustrated in Figure 3a, the
refractive index of all coatings decreased with increasing
thickness. When plotted versus coating thickness, the refractive
index measurements for all coatings appeared to fall along a
common curve. For early aging times the coating index
exhibited a strong, decreasing linear relationship with coating
thickness from a value of n > 1.4 (for a thickness of 73 nm) for
unaged solution to a value of n ≈ 1.26 for thicknesses
approaching 110 nm. The refractive index exhibited an
apparently negligible dependence on solution aging temper-
ature in this early aging regime. When the coating thickness
increased above 110 nm the refractive index appeared to level
out and perhaps even increase slightly for the lowest aging
temperatures, exhibiting no further measurable decrease for
coating thicknesses up to approximately 150 nm. An exception
was the sample aged at 60 °C, for which the index appeared to
decrease further, if only slightly, to a value of 1.24. Solutions

Figure 2. (a) Coating thickness versus aging time for solution aging
temperatures (T) ranging from 4 to 60 °C. Coatings were spin coated
from 5 wt % solutions onto silicon substrates. (b) Arrhenius plot of the
coating thickness rate of change versus T−1.

Figure 3. (a) Refractive indices of the coatings from Figure 2a plotted
versus their thicknesses. (b) SEM surface images of coatings spin-
coated from 5 wt % solutions of samples aged at 60 °C for the
indicated times. Arrows to part a indicate samples with identical aging
conditions. Each panel in b is 300 nm wide.
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aged further at all temperatures began to gel, which prevented
redispersion of the nanoparticles for spin coating.
To examine the morphology of coatings produced following

the solution aging process, we obtained SEM images of the
surfaces of three samples: one spin-coated from unaged
solution, and two spin-coated from solutions aged at 60 °C
for times of 1.5 and 2 h, respectively; these results are shown in
Figure 3b, with arrows indicating samples on the refractive
index plot (Figure 3a) that had identical preparations. While
the unaged sample reflects the same dense-packed structure
shown in Figure 1b, the micrographs of samples aged for 1.5
and 2 h at 60 °C reveal a less dense packing structure with a
more textured surface, greater spacing between particles, and
substantial void spaces within the coating. We note that
techniques such as atomic force microscopy would be capable
of quantitatively characterizing the surface topology, and may
conceivably be used to improve optical modeling of coatings by
providing information, for example, about the surface rough-
ness of the coating. As indicated previously, however, single-
layer optical models provided excellent fits for the data, and we
assumed that the effective refractive index for the furthest time
point at each aging temperature could be used with an effective
medium approximation (EMA) to calculate the lowest possible
porosity for an AR coating constructed using this technique.
A number of EMAs have been proposed for multiphase

coatings containing various dispersed-phase materials and
geometries.28 Here, we examined three: the simple weighted
index (Birchak)29 and weighted dielectric (Yoldas)30 models,
and the symmetric Bruggeman model.18,28,31 (see the
Supporting Information for more details). These data are
shown in Table 1, where it can be seen that the weighted index

and Bruggeman models are in excellent agreement, while the
weighted dielectric model suggests slightly higher porosity
values. Nevertheless, the models considered here do not differ
in their porosity predictions for any sample by more than 5%.
To evaluate the ability of the aging process to improve the

AR effect, we spin-deposited 5 wt % nanoparticle coatings taken
as dilutions from both aged (2 h at 60 °C) and unaged
solutions onto transparent glass substrates (both sides) and
measured the reflectance of the samples. Parallel measurements
of the transmittance of similarly prepared coatings were
performed; the transmittance measurements confirmed that
the decrease in reflectance was due to enhanced light
transmission and not diffuse scattering (see the Supporting
Information for more details). Figure 4 demonstrates that
although both coatings decreased the double-sided reflectance

of the bare glass (which was between 9 and 10% over the visible
part of the spectrum), the glass slide coated from the aged
solution exhibited a reflectance minimum below 1%, in contrast
to a minimum reflectance of approximately 4% for a coating
produced from an unaged solution (Figure 4a). Interestingly,
the reflectance minima occurred at roughly the same wave-
length (567 nm for aged, 573 nm for unaged), indicating that
the two coatings had very comparable optical thicknesses (the
product of the refractive index and thickness). This is due to
the fact that the decrease in refractive index exhibited by
coatings prepared from aged solutions (Figure 3a) happens
concomitantly with an increase in coating thickness (Figure
2a). The lower index of the aged coating, however, is more
closely matched to the square root of the refractive index of the
glass slide, allowing for better AR performance. The photo-
graph in Figure 4b, which was taken under direct reflected light,
illustrates the AR capabilities of our aged AR coatings; a bare
glass slide is shown next to a glass slide prepared with the aged
coating. The latter sample strongly suppresses reflection,
causing a decrease in glare and an enhancement in transparency
that allows for easy viewing of the text beneath the sample.
The approach that we have described in this work offers

some significant advantages in comparison to previous work for
tuning the refractive index of nanoparticle coatings for AR
applications. Although pH-mediated aggregation has been
proposed before as a viable method for decreasing the index
of particle coatings,1,3 this is the first work to our knowledge to
demonstrate a clear connection between aggregate growth
kinetics and the resulting coating thickness. Although certain
synthesis techniques are able to generate mesoporous or hollow

Table 1. Ultimate Refractive Index and Calculated Porosity
(using three different effective medium models) of Colloidal
Coatings As a Function of Solution Aging Temperature

solution aging
temperature (°C)

refractive
index

porosity
(%)a

porosity
(%)b

porosity
(%)c

4 1.28 ± 0.02 39 ± 5 38 ± 5 44 ± 6
23 1.29 ± 0.02 37 ± 5 36 ± 5 41 ± 6
50 1.27 ± 0.02 41 ± 5 40 ± 5 46 ± 5
60 1.24 ± 0.02 48 ± 5 46 ± 5 52 ± 5

aPorosity calculated assuming the weighted index (Birchak) model.
bPorosity calculated assuming the symmetric Bruggeman model.
cPorosity calculated assuming the Yoldas, or fractionally weighted
dielectric constant model (see the Supporting Information for more
details).

Figure 4. (a) AR performance of coatings (double-sided on glass
slides) created by spin-coating a 5 wt % dilution of the unaged solution
(dashed line) and a 5 wt % dilution of a solution aged at 60 °C for 2 h
(dashed-dotted line). The reflectance of the uncoated glass is shown as
the solid line for comparison. (b) Photo of an uncoated glass slide
(top) next to a double-sided aged AR coating (bottom) under direct
reflected light from an overhead lamp.
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particles with naturally low refractive indices,2,4,5,13 most
strategies aimed at tuning the coating index over a wider
range using conventional amorphous silica particles (such as
the type that are widely available commercially) appear to
exhibit relatively narrow variations in index, or are tunable over
a range inappropriate for the majority of glass and polymer
substrates.6,7,10 The above-mentioned references are largely
variations on spin- or dip-processing of nanoparticle solutions.
Other techniques such as layer-by-layer assembly12,13,15,16 and
spin-on sol−gel precursor processing5,8,10,14,17 have shown
significant promise for generating coatings with tunable
properties and greater coating complexity. Unfortunately, the
greater complexity of these techniques pushes processing time
from seconds to minutes or even hours, and can mean the
introduction of nonaqueous solvents, which may be incompat-
ible with certain substrates (e.g., plastics) or be undesirable
from an environmental standpoint.
Although it could be less important in certain instances (e.g.,

internal optical elements), future work is needed to evaluate the
mechanical properties of these coatings to ensure their
amenability to the broadest possible range of applications.
Nanoindentation32 and mechanical abrasion testing33 have
become popular testing methods for nanoparticle coatings, and
various means have been proposed to increase nanoparticle
coating durability.32−34 Besides mechanical concerns, long-term
stability of the AR performance of these coatings requires that
they do not substantially change their thickness or refractive
index over time. We have noted preliminarily that the optical
properties of these coatings appear stable over at least a period
of several weeks, although the effective refractive index appears
to vary directly with the ambient relative humidity, presumably
as water condenses within the pore structure of the coating. We
are currently investigating modifications to the internal surface
chemistry of the porous coatings in order to affect the degree to
which water could either be attracted to or repelled from the
pores, e.g., for sensing applications31 or maintaining constant
optical properties, respectively.
In summary, we have demonstrated that controlled

aggregation of pH-neutralized silica nanoparticle solutions
followed by spin coating provides a straightforward method
to fabricate single-layer AR coatings. The speed and extent of
nanoparticle aggregation can be controlled by varying the
temperature and duration of the solution aging process; longer
aging times lead to thicker coatings with lower refractive
indices, suggesting that aggregated nanoparticles cannot pack as
densely within the coating. At a given temperature, the extent
of aggregation can be monitored by observing the thickness
increase of spin-processed coatings over time. Comparison of
such data at several temperatures suggests that the aggregation
kinetics follow an Arrhenius relationship with Ea = 57 ± 10 kJ/
mol, which agrees well with previous reports. Coatings
produced from aged solutions on glass slides had significantly
better AR performance than coatings applied directly from
unaged nanoparticle solutions. The technique outlined in this
paper is particularly promising due to the ability to directly
process particle coatings with tunable refractive index and
thickness; furthermore, we believe the approach presented in
this study can be extended to other types of oxide nanoparticles
to form highly porous coatings for various applications
including optics, photonics, and energy storage and conversion.
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