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R
eflections from lenses in an optical
system are undesirable because
they contribute to a significant loss

of transmitted light, which decreases the
quality of the final image.1�5 Any coating
that is designed to reduce these reflec-
tions must also minimize extra scattering
losses from the film, a requirement that
is more difficult to achieve at lower
wavelengths.6�8 Hence, scattering of
light within the coating can play an im-
portant role in AR films designed to oper-
ate in the near UV region, and it remains
a challenge to maximize transmission in
this region of the spectrum. To overcome
this difficulty, a relatively smooth coat-
ing with small feature sizes (less than
1/10th of the target wavelength) is re-
quired. One example of the need for a UV
AR coating can be found in telescopes
used in space to study cosmic ray show-
ers in the atmosphere.9,10 Cosmic ray
showers emit light in a very narrow band
of the near UV region with wavelengths
of 300�400 nm. In particular NASA in-
tended to launch a telescope on the In-

ternational Space Station to observe this
phenomenon. The lens used in this tele-
scope is a 2.5 m diameter PMMA Fresnel
lens with micrometer-scale [�150 �m]
grooves etched into its surface. Achiev-
ing a satisfactory AR coating on a PMMA
Fresnel lens requires a process which em-
ploys low temperatures (PMMA Tg � 105
°C), can be scaled up to coat large sub-
strates, and yields an AR film which is
conformal, has a tunable and low refrac-
tive index, and exhibits very precise con-
trol of composition on the nanometer
scale. In this paper, we will address the
above requirements and demonstrate
feasible coatings for this application.

UV AR coatings are found in nature, for

example in transparent butterfly wings11

and in the zero order grating surface of spi-

ders.12 These surfaces serve as protection

against predators, namely birds and other

species that have the ability to detect UV

light. Transparent butterfly wings are com-

posed of hollow nanostructures11 which re-

sult in the high porosity necessary for UV

AR properties (through very low refractive

index) and the low scattering (the nano-

scale pores are significantly smaller than the

wavelength of UV light). Recognizing the

success of these UV AR-based defense

mechanisms in insects, we organized our

experimental approach in an attempt to

mimic their optical behavior.

Generally, AR properties are achieved

through destructive interference between

light reflected from the coating-substrate

and the air-coating interfaces.1,3,13�19 Mini-

mum reflection from the coated surface is

given by the Fresnel equation:
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ABSTRACT We have demonstrated the utility of hollow silica nanoparticles in fabricating conformal thin

film nanoporous antireflection (AR) coatings on both poly(methyl methacrylate) (PMMA) and glass substrates.

Layer-by-layer (LbL) assembly was successfully used to produce ultrathin AR coatings on planar and textured

surfaces. Hollow silica nanoparticles were synthesized to extend the range of apparent refractive indices possible

in an AR coating, enabling the design of both single index and graded index AR coatings on PMMA substrates. The

diameter and shell thickness of the silica nanoparticles are the two independent, controllable parameters that

we manipulated to tune the refractive index of the coating. The AR coatings reduced the minimum reflection of

PMMA from 7% to 0.5%, while the maximum transmission increased from 92% to 98% at the optimized

wavelength region that could be adjusted from the near UV into the visible. Cross sectional SEM showed that

conformal coatings can be achieved on grooved PMMA Fresnel lenses. AFM was used to study surface topography

on flat substrates.

KEYWORDS: UV antireflection coating · hollow silica nanoparticles · layer-by-layer
assembly · PMMA substrates
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where nc, n1, and n2 are the refractive indices of the

coating, medium, and substrate, respectively. For a

given spectral range from wavelength �1 to �2, the de-

sign AR wavelength �0 is given by

Minimum reflection can then be achieved by choos-

ing an optical thickness (ncdc, where dc is the coating

thickness) which satisfies both the quarter wavelength

design (ncdc � �0/4) and the Fresnel equation.1,3,13�19

Precise control and tuning of both the refractive index

and thickness of a coating layer are the two main chal-

lenges in developing an optimal UV AR coating. The

most common way to obtain low refractive index mate-

rials is to use nanoporosity to reduce the apparent re-

fractive index. For uniformly dense solid nanoparticles,

the level of nanoporosity can be adjusted to some ex-

tent by changing the particle diameter and the packing

arrangement. For example, by increasing the particle

size from 7 to 63 nm, the apparent refractive index can

be reduced from 1.35 to 1.18.19,24�26 However, there is

a practical limit on particle size since large enough par-

ticles will scatter light.1,3�5,13,14,16�19,23�30 For ex-

ample, Zhou et al. reported the creation of an omnidi-

rectional AR thin film by using various spin coating

techniques.31�34 They successfully developed a good

broadband AR coating for the visible region (�400 nm),

but because of the large features they used, the scatter-

ing of light by the AR coating became unavoidable.

Transmission efficiency was therefore largely compro-

mised in near-UV wavelength regions.28�34 Vacuum

based plasma etching35,36 has been reported to in-

crease UV transmission for ultralow refractive index AR

coatings.33,37,38 However, the harsh plasma etching and

the use of vacuum limits its utility for large plastic

optics.

A versatile method is needed to homogeneously

coat optics, for use in the UV region (200�400 nm

wavelength region). In this paper, we discuss the use

of hollow silica nanoparticles in an aqueous layer-by-

layer (LbL) assembly process to create high perfor-

mance UV AR coatings on PMMA lenses. The LbL tech-

nique is a well-known, versatile platform for preparing

uniform thin films with a wide array of predesigned

properties on the basis of sequential deposition of op-

positely charged species.15,20�23,39 It is a solution-based

assembly process that ensures conformal coating of to-

pographically complex surfaces and can also be scaled

up to meet industrial needs via spray coating.40 By con-

trolled synthesis of hollow silica nanoparticles41,42 and

optimization of LbL assembly conditions,15,20�23,39 we

can tune the nanoparticle size and shell thickness as

two independent variables in optical designs of the AR

coatings in addition to the available choices from LbL

assembly such as pH and number of bilayers deposited.

The optical characteristics of conformally coated PMMA
substrates with both single and graded index UV AR de-
signs are described below.

RESULTS AND DISCUSSION
Synthesis of Hollow Silica Nanoparticles. There are a num-

ber of synthetic methods41,42 that have been used to
synthesize hollow silica nanoparticles. Wan and Yu re-
ported a facile one-step solution-based synthetic route
to produce high yields of hollow silica nanoparticles us-
ing controlled hydrolysis of TEOS via the Stöber
method.41 By implementing this method, we can con-
trol the nanoparticle’s size and shell thickness indepen-
dently, allowing us to design an AR coating which is op-
timized for a particular wavelength region. Changing
the reactant ratios allows one to tune the diameter
of the hollow silica nanoparticles from 50 to 400 nm
and the wall thickness from 10 to 33 nm.41�43 Using a
similar synthesis protocol, we created hollow silica
nanoparticles with quite uniform wall thicknesses. Fig-
ure 1 panels a, b, and c show hollow silica spheres syn-
thesized with 0.27 g/2.25 mL, 0.36 g/1.5 mL, and 0.60
g/1.5 mL of PAA to TEOS (g to mL), respectively, while
the amounts of ethanol, and ammonia as well as the
synthesis conditions were held constant as described
in the Experimental Section. The mean diameter and
shell thickness were measured to be around 76 and 22
nm for sample H80 (Figure 1a), 97 and 11 nm for
sample H150 (Figure 1b), and 228 and 22 nm for H300
(Figure 1c). Table 1 shows the relationship between syn-
thetic conditions and the resulting hollow silica nano-
particle structures. An attempt to produce thinner shells
by further increasing the relative amount of PAA to
TEOS to 0.36 g/0.9 mL resulted in ruptured particles as
shown in Figure 1d. The minimum shell thickness
achieved for stable hollow silica nanoparticles was 10
nm. From the data collected, we found that the amount
of TEOS controls shell thickness, whereas the ratio of
PAA to ethanol determines particle size. These findings
are in agreement with the results of Wan and Yu.41 To
further understand the mechanism of the Stöber
method, HRTEM was performed before rinsing the syn-
thesized particles with DI water. We observed some ul-
trafine 5 nm silica nanoparticles within the cavity of the
larger, hollow silica nanoparticles. These ultrafine silica
nanoparticles and the silica shell itself densified and the
silica shell shrank until there was no longer void space
in the shell when exposed to the electron beam during
TEM imaging. This observation may be due to the pres-
ence of both PAA and TEOS in the hollow silica struc-
ture before the DI water rinsing step, resulting in fur-
ther TEOS precipitation to form very small
nanoparticles. A detailed discussion and representative
HRTEM images (Figure S1) are shown in the Supporting
Information. Synthesized hollow silica nanoparticles, in
particular samples H80 and H150 showed uniform shell
thickness and a highly reproducible core�shell struc-
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ture. Consequently, H80 and H150 were employed as

starting materials for LbL assembly of a single index and

graded index AR coatings, respectively.

Layer-by-Layer Assembly. Studies have shown that the

pH of a nanoparticle suspension has a strong influence

on its LbL deposition characteristics.20�22,35,44,45 The

suspension pH influences the average incremental bi-

layer thickness, refractive index, chemical composition,

and film porosity,20�22,35 all of which are key param-

eters which determine the AR performance. In this

study, PAH and hollow silica nanoparticles (H80 or

H150) were assembled on glass or PMMA substrates

to determine the average bilayer thickness and study

the influence of pH on the assembled thin film. The pH

of all the dipping solutions (PAH, rinsing water, and

H80 or H150) was adjusted to 3 or 6, and the film thick-

ness was measured at 1, 3, 5, 7, and 9 bilayers. Ellipsom-

etry results are plotted in Figure 2 to demonstrate the

difference in coating thicknesses at pH 3 and 6. To-

gether, Table 2 and Figure 2 summarize the influence

of pH and substrate chemistry on LbL-assembled films.

In general, the multilayer film grows more rapidly

at pH 3 than at pH 6 for both types of hollow silica nano-

particles (H80 and H150) on both PMMA and glass sub-

strates. Further disruption of film growth was observed

when experiments were carried out at pH 9 (data not

shown). Increasing the pH from 3 to 6 increases the

Figure 1. TEM images of the controlled synthesis of hollow silica with the varying amounts of PAA/TEOS: (a) 0.27 g/2.25
mL; (b) 0.36 g/1.50 mL; (c) 0.60 g/1.50 mL; and (d) 0.36 g/0.90 mL.

TABLE 1. Correlation of Synthetic Conditions for Hollow
Silica Nanoparticlesa to the Product Morphology. The
Entries in the Table Correspond to Panels a, b, c, and d in
Figure 1

PAA (g) TEOS (mL) particle size (nm)b shell thickness (nm)

a (H80) 0.27 2.25 76 � 20 22 � 2
b (H150) 0.36 1.50 97 � 19 11 � 3
c (H300) 0.60 1.50 76 � 12 (60%)c 17 � 3

228 � 101 (40%)d 22 � 4
d 0.36 0.90 ruptured particles ruptured particles

aAlso added were 4.5 mL ammonium hydroxide solution, and 120 mL absolute
ethanol (see Experimental Section for detail. bThe particle size is an average from
50 nanoparticles in the TEM images from IMAGE J software. cAverage size (probabil-
ity) based on the small particles only. dAverage size (probability) based on the
large particles only.
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charge density of silica nanoparticles (anionic species);

hence fewer nanoparticles would be needed to achieve

charge reversal on the previous layer, which decreases

the incremental bilayer thickness. At an even lower pH

(pH 	 3), the charge density is too low to effectively sta-

bilize the silica nanoparticles, resulting in significant

aggregation.21,22 Comparing LbL growth at pH 3, 6, and

9, we found that the optimal conditions for deposition

of these hollow silica nanoparticles occurs at pH 3, con-

sistent with the findings of earlier work on LbL assem-

bly of solid silica nanoparticles.46,47

Although most of the growth curves shown in Fig-

ure 2 do not pass through the origin, a linear trend is

observed after the first (or third in the case of [PAH6.0/

H806.0]) bilayer deposition. Figure 2 shows how the bare

PMMA substrate responds to coating with a single (or

a few) bilayer(s) of hollow silica and PAH. For the

[PAH3.0/H803.0], [PAH3.0/H1503.0], and [PAH6.0/H1506.0]

multilayers, a single bilayer deposition results in rela-

tively complete coverage of the pristine PMMA surface

with PAH and hollow silica nanoparticles, after which a

fairly constant fractional coverage of the surface occurs

at each deposition step.20�22,35 The bilayer thickness

increment shown in Table 2 is noticeably lower than the

average size of the hollow silica nanoparticles (H80,

�76 nm and H150, �97 nm). This observation indi-

cates incomplete surface coverage at each deposition
step. Also, the effect of pH on the bilayer thickness is
more significant in the case of the smaller, thicker
shelled H80 nanoparticles than the larger H150 nano-
particles with thinner shells.

Characterization of LbL Assemblies. In contrast to films
made of solid nanoparticles, here overall film porosity
consists of the intraparticle void space in addition to the
spaces between particles. To determine the overall po-
rosity of the coatings, [PAH3.0/H803.0]15 and [PAH3.0/
H1503.0]15 films were assembled on silicon substrates.
The overall porosity of each film was determined by
measuring the refractive index of the films in air and in
water (nwater � 1.333, using in situ ellipsometry (nf,1 �

pnf,air 
 (1 � p)nf,framework; where p is defined as the frac-
tional porosity), and applying simple effective medium
equations35 to the measured values. The refractive in-
dex of the solid silica shell of the hollow particles was
computed from the effective refractive index of the par-
ticles and the geometrical information obtained from
SEM (Table 1). The calculated values of 1.49 and 1.45, for
the amorphous silica walls of H80 and H150, respec-
tively, are in reasonable agreement with the range of re-
ported silica refractive index values
(1.45�1.54),15,20�23,35 indicating that in the wet ellip-
sometry measurements water permeates into the hol-
low cores of the particles. Experiments were repeated
using ethanol (nethoanol � 1.361) as the liquid medium
with essentially identical results. The overall LbL film po-
rosities for [PAH3.0/H803.0]15 and [PAH3.0/H1503.0]15 films
were 64.5% and 75.1%, respectively. These values are
much higher than those for previously reported porosi-
ties of LbL films based on solid nanoparticles which
typically are around 50%.15,20�23,35

As demonstrated above, the additional void space
within our hollow nanoparticles has opened a new win-
dow of parameter space for controlling the optical
properties of LbL assembled thin films. Previous at-
tempts to create low-index coatings using LbL assem-
bly of nanoparticles have relied on the creation of void
space between solid spheres during LbL deposition. A
close packed layer of solid spheres has a porosity of
about 26%, and to achieve a level of 76% porosity,

Figure 2. Growth curve studies by ellipsometry, where the
thickness of the AR coating is plotted against the number of
bilayers: (9) [PAH3.0/H1503.0]; (�) [PAH6.0/H1506.0]; (Œ)
[PAH6.0/H806.0]; (�) [PAH3.0/H803.0]. The slopes of the best-fit
lines indicate the average bilayer thickness.

TABLE 2. Characteristics of the as-Synthesized Hollow Silica Nanoparticles (H80 or H150) on PMMA or Glass Substrates
at pH 3 and pH 6

PAH/H80 PAH/H150

pH PMMA glass PMMA glass

average incremental bilayer thickness (nm)a 3 16.0 � 1.0 13.7 � 1.2 9.6 � 0.1 10.9 � 0.7
6 8.3 � 1.4 4.7 � 1.1 8.9 � 1.5 13.9 � 2.8

thickness at 9 bilayersb 3 192.7 � 10.0 137.7 � 13.5 165.5 � 1.6 149.8 � 6.7
6 74.8 � 21.0 94.4 � 18.7 131.0 � 15.6 133.3 � 30.0

refractive index at 9 bilayersa 3 1.20 � 0.01 1.19 � 0.01 1.11 � 0.05 1.10 � 0.06
6 1.17 � 0.01 1.16 � 0.01 1.10 � 0.02 1.09 � 0.04

aThe standard deviation is calculated from spectroscopic ellipsometry. bAll the data was linear fitted with a confidence ranged from 0.91 to 0.99; the thickness at 9 bilayers
is then calculated by the fitted curved with a standard deviation calculated by propagation of uncertainty (if f(x) � A 
 Bx and the standard deviation of A and B are �� and
�
 respectively; the standard deviation of f(C): �C

2 � ��
2 
 C2*�
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roughly 2/3 of the spheres would need to be removed.

Such a loosely packed arrangement of solid spheres

would be difficult to create by LbL self-assembly and

even if made, would be mechanically fragile owing to

the drastically reduced number of contact points be-

tween spheres. Using hollow particles circumvents the

limitations presented by conventional means of con-

trolling multilayer porosity (solely through changing

the packing density of solid spherical particles), expand-

ing our ability to achieve very high overall porosity

and very low refractive index without reducing the
number of sphere-to-sphere contacts to the point
where the mechanical stability is compromised too
much; a favorable circumstance recognized by
Hoshikawa et al. in their recent work on hollow/meso-
porous silica nanoparticle AR coatings in the visible
range6,47�49 In the work of Hoshikawa et al., a bar coat-
ing method is employed to apply either mesoporous
or hollow silica nanoparticles directly onto glass sub-
strates to achieve AR coatings. The highest porosity is
48% from this method and the optimum reflectance is
lowered from 5% to 2% in the visible range.6,47,49 By ap-
plying the LbL assembly method using designable hol-
low silica nanoparticles, our high porosity films pro-
duced using hollow silica nanoparticles reached up to
75% porosity, and were mechanically stable enough to
withstand a simple paper/ethanol wipe test (see Sup-
porting Information, Figure S2). Ongoing efforts are fo-
cused on improving the mechanical robustness further.

Antireflection Coating Optical Performance. For narrow
bandwidth AR about a selected wavelength �0, excel-
lent AR properties can be achieved with a single index
coating of refractive index nc � (n1n2)1/2 and thickness,
dc � �0/4nc

3�5 where in this work n1 � 1.00 is the refrac-
tive index of the medium (air) and n2 � 1.49 is the
value for PMMA. Thus a single layer AR coating’s refrac-
tive index should be 1.22 with an optimal thickness of
74 nm when the target wavelength is 360 nm (near-UV).
Given that there are no existing bulk materials that pos-
sess a refractive index of 1.22, we produced a nanopo-
rous coating from the hollow silica nanoparticles H80
(Table 1) using the layer-by-layer assembly technique
described in the previous section. Nanoscale dimen-
sions for both the constituent particles and the void
spaces in the AR coating are required to minimize scat-
tering from the coating in the near UV region of inter-
est here. Hollow nanoparticles allowed us to develop
the needed level of overall porosity without requiring
an unusually sparse packing of the particles in the coat-
ings. In general, we have found that increasing particle
size polydispersity tends to increase the packing density
and the refractive index of LbL nanoparticle films. Thus
we believe that efforts to synthesize hollow nanoparti-
cles with nearly monodisperse size distributions would
further assist in the precise design and construction of
novel optical coatings.

Figure 1a is a TEM image of the H80 hollow silica
nanoparticles with shell thickness 22 nm and mean di-
ameter 76 nm, while Figure 3 is an AFM height image of
a [PAH3.0/H803.0]1 multilayer on a PMMA substrate.
Analysis of the AFM data gives a rms roughness in the
range of 17 nm, consistent with the requirement of suf-
ficient smoothness to reduce scattering of light in the
range of 300�400 nm. The measured optical perfor-
mance of this single bilayer AR coating is shown in Fig-
ure 4a (reflection) and Figure 4b (transmission) in com-
parison with bare PMMA substrates and other PAH/

Figure 3. AFM image of [PAH3.0/H803.0]1 on PMMA substrate.

Figure 4. UV�vis reflection (a) and transmission (b) spectra
for the single index design on PMMA substrates.
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H80 constructs. The PMMA substrate control shows
much poorer optical behavior, with about 7% reflec-
tion and 92% transmission over most of the near UV
and visible region of the spectrum. By applying a single
bilayer coating, excellent antireflection behavior in the
near UV was obtained. The reflectance is essentially 0%
at 340 nm, and scattering contributed by the coating
is low as revealed by the transmission of 97% at 380 nm.
By changing the number of bilayers deposited and the
assembly pH, the AR coating can be optimized for dif-
ferent wavelengths (450, 500, and 600 nm) with 0% re-
flectance in each case. Figure S3 in the Supporting In-
formation provides additional AFM images of some of
the PAH/H80 films that are represented in Figure 4. Fig-
ure S4 shows the optical behavior of these single stack
AR coatings on glass substrates.

While a single refractive index coating is the sim-
plest to create, its optimum AR efficacy is limited to in-
cidence angles near 90° and persists over a relatively
narrow region of wavelengths. A graded index coating
generally offers superior AR performance. The simplest
approximation to a continuously variable coating uses a
two-stack design (Figure 6), with stacks further from
the substrate having progressively lower refractive
indices.

A two-stack AR coating requires high (nH) and low
(nL) index regions with the same optical thickness equal
to a quarter of the reference wavelength (nHdH � �0/4
and nLdL � �0/4).3�5 The overall reflectance is then cal-
culated by the characteristic matrix method,3 where the

refractive index for each stack is iterated in steps of 0.1

until a minimum integrated reflection over the

300�400 nm range is obtained. The calculated results

in Figure 5 show the enhanced performance of the two-

stack design on PMMA compared to that of the best

single index coating. The optimal two-stack design in-

cludes a 67 nm bottom layer (the layer in contact with

substrate) with a refractive index of 1.35, while the top

layer (the layer in contact with air) must be 81 nm thick

and have a very low index of 1.11. Figure 6 provides

schematic sketches of the two AR designs.

Our modeling results show that the optical perfor-

mance of the two-stack design is sensitive to devia-

tions from the target values of refractive index in the

two regions, but relatively insensitive to nonoptimal

thicknesses. Figure S5 provides some examples of these

modeling sensitivity studies including the influence of

varying film thicknesses and refractive indices of the

two stack design.

To produce the higher refractive index stack of the

two-stack design, smaller nanoparticles with higher re-

fractive indices (SM-30: anionic, 7 nm SiO2, n � 1.5. ZrO2:

cationic, 7 nm ZrO2, n � 2.1) were employed.20�22 By

adjusting the pH and the number of bilayers deposited,

an all-nanoparticle stack with a high refractive index

(RI � 1.35; thickness � 67 nm) was successfully

achieved using nine bilayers of [ZrO2 3.0/SM-303.0]. For

the very low index top layer we employed the H150
hollow silica nanoparticles described in Table 1 and

shown in the TEM image Figure 1c. The large average

diameter (97 nm) and low wall thickness (11 nm) of

these hollow nanoparticles facilitated the production

of the required ultralow index stack via LbL assembly.

Specifically we found that the six-bilayer top stack

[PAH3.0/H1503.0]6 gave optimal AR performance for the

two-stack design on PMMA substrates. It is worth men-

tioning that the thickness of the top stack was much

thinner than expected from growth studies on the

[PAH3.0/H1503.0]

system on silicon. This is likely due to substrate influ-

ence because the second stack is built on top of a

[ZrO2 3.0/SM-303.0]9 stack. Figure 7a shows a cross-

sectional SEM image of this two-stack coating on PMMA

and Figure 7b shows an AFM height image of the top

surface. The average thickness for layer in contact with

Figure 5. Simulated reflectance from AR coating on PMMA
substrates using either graded (black) or single (red) refrac-
tive index design targeted for AR at wavelengths between
300 and 400 nm.

Figure 6. Schematic showing how layers are stacked in the one- and two-stack AR design.
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substrate and layer in contact with air is 70 and 90 nm,
respectively, from Figure 7a, which is consistent with
the calculation. As shown in Figure 8, reflection was re-
duced to nearly 0% at 320 and 450 nm on PMMA and
glass substrates, respectively. A very wide AR regime is
observed with less than 2% reflectance between 200
and 800 nm as compared to the single stack design as
reference. However the transmission is compromised at
short wavelengths.

Compared to the 76 nm diameter particles used in
the single stack coating, the larger 97 nm diameter hol-
low silica nanoparticles produce significant low wave-
length scattering, most likely arising from the compara-
tively large roughness (40 nm rms roughness for the
two stack coatings vs 17 nm rms roughness for the
single-stack design) as well as from Mie and Rayleigh
scattering from the particles themselves.

All of the work reported above was executed on
flat substrates. To test the versatility of our novel AR
coatings and the utility of LbL processing, the perfor-

mance of a single-stack design on the grooved surface

of PMMA Fresnel lenses was examined (see Supporting

Information).40 We have found that the grooved sur-

faces of PMMA Fresnel lenses can be conformally

coated and make LbL feasible even on nonplanar

substrates.

CONCLUSIONS
We have successfully synthesized hollow silica nano-

particles with variable particle size and shell thickness

to achieve UV AR coatings via single and graded index

designs. When we deposited these nanoparticles onto

substrates, specifically glass and PMMA, their internal

voids allowed the assembly of coatings with porosities

as high as 75% and an apparent refractive indices as low

as 1.11. Single index AR coatings can be achieved with

optimized AR performance at any wavelength between

300 and 650 nm; reflection near the targeted wave-

length was reduced from 7% to 0% and transmission

was increased from 92% to 97%. In addition, a graded

index AR design was also successfully achieved, yield-

ing reflectance of below 2% over the whole UV�vis re-

gion (200�800 nm).

EXPERIMENTAL SECTION

Materials. Silica nanoparticles Ludox SM-30 (30 wt % SiO2 sus-
pension in water, average particle size 7 nm) were purchased from
Sigma-Aldrich (St. Louis, MO). Tetraethoxysilane (TEOS, 98% re-

agent grade), poly(acrylic acid) (PAA, Mw � 5000; 50 wt % in aque-

ous solution) was purchased from Polysciences, Inc. Poly(allylamine

hydrochloride) (PAH, Mw � 56 000) and ammonium hydroxide

(28% NH3 in water) were purchased from Sigma-Aldrich. Zirco-

Figure 7. Graded index AR design consisting of [ZrO2 3.0/SM-303.0]9 fol-
lowed by [PAH3.0/H1503.0]6 on a PMMA substrate: (a) SEM cross sec-
tional image and (b) AFM image of the plan view topography.

Figure 8. Selected UV�vis (a) reflection spectra and (b)
transmission spectra for one- and two-stack design on
PMMA, assembled at pH 3.
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nium(IV) oxide (20 wt % ZrO2 suspension in water, average par-
ticle size � 7 nm) was purchased from Alfa Aesar. The information
on average size of the nanoparticles was provided by the suppliers.
Glass slides were purchased from VWR International, and UV trans-
parent PMMA substrates were provided by Agiltron, Inc.

Synthesis of Hollow Silica Nanoparticles. Uniform hollow silica
spheres were prepared by a modified Stöber method.41,42 First,
0.27 g of PAA dissolved in 4.5 mL of ammonium hydroxide was
mixed with 90 mL of absolute ethanol, followed by injection of 5
TEOS aliquots totaling 2.25 mL at 1 h time intervals under vigor-
ous magnetic stirring at room temperature.41,42 After 10 h, a
white colloid containing 80 nm hollow silica nanoparticles
formed. This colloid was centrifuged several times with deion-
ized water (�18 M� · cm, Millipore Milli-Q) and then dried at
room temperature. Hollow silica spheres with different diam-
eters and/or wall thicknesses were prepared by varying the con-
centrations of polyelectrolyte in ammonia and/or TEOS in etha-
nol (Table 1). During synthesis, vigorous continuous stirring is
crucial for the formation of hollow silica nanoparticles.

Assembly of PAH/Hollow SiO2 Nanoparticle Multilayers. Sequential ad-
sorption of PAH and hollow SiO2 nanoparticles onto glass slides,
silicon wafers, or PMMA substrates was performed using an au-
tomated dipping machine.16,20�22 The concentration of each
nanoparticle suspension was 0.03 wt % and the concentration
of PAH was 10 mM (based on the repeat unit). The pH of each
nanoparticle suspension was adjusted using 1.0 M HCl or NaOH.
Glass substrates were sonicated in 1.0 M NaOH for 15 min and
in DI water for 1 h. PMMA substrates were sonicated in 2 vol%
detergent solution for at least 1 h and then in DI water for an ad-
ditional hour. Deionized water was used for all solutions and
rinse baths and was adjusted to the same pH as the dipping so-
lution. The dipping time in each nanoparticle solution was 10
min followed by three rinse steps (2, 1, and 1 min) in deionized
water.

Characterization. Transmission and reflection measurements
were performed between 200 and 800 nm using a Varian Cary
500i spectrophotometer. Spectroscopic ellipsometry (M2000-D,
J. A.Woollam Co.) was used to determine the thickness and re-
fractive index of the coatings. These values of thickness and re-
fractive index are influenced by the roughness of the films and
possibly in some cases by gradients in packing density. Therefore
they should be viewed as internally consistent values of effec-
tive thickness and index that were used to guide the AR coat-
ing design calculations. Results were collected from 300 to 900
nm at a 70° angle of incidence. The morphology of a coating sur-
face was investigated with AFM by using a Nanoscope IV, Dimen-
sion 3000 AFM microscope (Digital Instruments, Santa Barbara)
in tapping mode in air. Transmission electron microscopy (TEM)
was performed using a JEOL 200CX operating at 200 kV. Scan-
ning electron microscopy (SEM) was performed using a JEOL
6320FV field emission high-resolution SEM at an acceleration
voltage of 10 kV. The samples were coated with 15 nm of Au/Pd
prior to SEM imaging.
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