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Large-area subwavelength dielectric hexagonal lattices of cylindrical pillars on quartz substrates that provide high
optical transmittance at all angles of incidence under different polarizations of light, and are fabricated using lowcost patterning techniques, are demonstrated and analyzed. Transmittance >85% for angles of incidence in excess
of 70° is demonstrated at visible and near-infrared wavelengths, and the structures employed are shown to be
superior at visible wavelengths to tapered “moth eye” surfaces for practically achievable dimensions. Detailed
analytical calculations and numerical simulations elucidating the impact of feature size, height, periodicity,
and refractive index are presented. © 2013 Optical Society of America
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1. INTRODUCTION
Coatings for reducing optical reflections from surfaces have
attracted broad interest for applications ranging from photovoltaics to displays. The typical approaches for realizing
antireflective surfaces can be grouped into two general categories [1]: homogeneous and inhomogeneous antireflection
coatings. Homogeneous antireflection coatings typically use
quarter-wave stacks of optical thin films to achieve admittance matching in both magnitude and phase [2]; however,
implementations are often limited by the refractive indices
of materials available in nature, although nanostructured
material can expand the range of available refractive indices
[3–6]. Inhomogeneous antireflection coatings can provide
greater flexibility in effective refractive indices but often
require the use of challenging nanofabrication processes.
These have included top–down approaches such as selfmasked dry etching [7], wet etching [8–11], electron beam
lithography [12], interference lithography [13,14], and rollto-roll nanoimprinting [15]; and bottom–up approaches, such
as anodic alumina oxide nanoporous films [16,17], nanosphere lithography (NSL) [18], and carbon nanotubes [19].
In nearly all cases, minimizing surface reflectivity for normally
incident light has been emphasized. The challenge of reducing
shallow-angle (angle of incidence >60°) reflection on lowindex materials has not been well addressed, in terms of both
the optimization of the antireflection surface and practical
limitations in fabrication over large areas. In many applications, low-index materials such as polymer and glass have
been widely used as packaging material; reduced reflectivity
from such surfaces at large angles of incidence can have a
major practical impact, e.g., by reducing glare from a flat
display monitor, or increasing total efficiency of a solar
panel module.
In this paper, we report the design, fabrication, experimental characterization, and analysis of omnidirectional
0740-3224/13/102584-05$15.00/0

antireflection coatings based on subwavelength-scale hexagonal lattices of cylindrical dielectric pillars. These structures are shown to provide high optical transmittance at
visible and near-infrared wavelengths for both transverse
electric (TE) and transverse magnetic (TM) polarizations,
with performance superior to both conventional optical thin
film multilayer approaches [1,2], and to typical “moth eye”
antireflection coating structures, which are shown to require extremely large depths to produce low reflectance at
large angles of incidence. Theoretical and computational
analyses are presented that provide insights into the conditions necessary to produce low reflectance at shallow angles under TE and TM polarizations, and fabrication via
a self-assembly process is described that provides the
potential for manufacture of nanostructured antireflective
dielectric surfaces over large areas and at low cost.

2. EXPERIMENT
Figure 1(a) shows a schematic diagram, photograph, and
scanning electron micrograph of representative omnidirectional antireflection coatings studied in this paper, along with
the measurement geometries for TE and TM polarizations.
The nanostructures were fabricated on 1.1 mm thick double
side polished fused quartz substrates (Delta Technology). The
structure of a unit cell can be specified by the hexagonal array
periodicity (P), and the diameter (D) and height (h) of the constituent cylindrical dielectric pillars. Figure 1(b) shows a
photo taken at shallow angle to demonstrate that the
reflection from an antireflection treated substrate (left,
P  200 nm, D  90 nm, and h  350 nm) is lower than an
untreated quartz substrate (right). Figure 1(c) shows the
scanning electron micrograph of a fabricated structure with
P  200 nm, D  100 nm, and h  350 nm.
Figure 1(d) shows key steps in the fabrication process for
the omnidirectional antireflection nanostructure. The quartz
© 2013 Optical Society of America
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3. RESULTS AND DISCUSSION
To achieve a wide-angle, broadband antireflection coating,
theoretically an optimal graded-index profile should yield
the best results [23–28]; however, such a structure would require sufficiently large depth to produce low reflectivity at
large angles of incidence. As discussed below, the required
depths result in structures that are highly impractical to fabricate. We have therefore focused on nanopillar structures
which are physically attainable and provide wide-angle broadband antireflection properties. Theoretical calculations for
single layer antireflection coatings with incident wavelength
λ  500 nm and θ  85° can provide insight into the design
of a shallow angle antireflection coating. The reflectance
for such a structure, based on Fresnel’s equation, can be
expressed as [2]
Fig. 1. (a) Schematic diagram of a dielectric hexagonal lattice structure on a quartz substrate with periodicity (P), diameter (D), height
(h), and of simulation and measurement geometry for TE or TM polarization. (b) Photo taken at shallow angle, showing that the antireflection coated quartz (left, P  200 nm, D  90 nm, and h  350 nm) is
less reflective compared with the nontreated substrate (right).
(c) Scanning electron micrograph of a fabricated P  200 nm,
D  100 nm, and h  350 nm structure. (d) Schematic diagram of
the fabrication process flow and scanning electron micrograph at
each step: (1) A quartz substrate is cleaned, covered with 60 nm
Cr∕10 nm SiO2 , followed by NSL using D  200 nm polystyrene nanospheres. (2) A series of dry etching processes is used to transfer the
hexagonal lattice pattern to the underlying Cr layer. (3) Cylindrical
nanopillars formed by SiO2 dry etching using Cr hard mask.
(4) Wet etch to remove Cr.

substrate (1 square inch) is coated with 60 nm Cr∕10 nm SiO2
using e-beam evaporation. On top of the SiO2 layer, a selfassembled ordered monolayer of 200 nm diameter polystyrene (PS) nanospheres is deposited by the Langmuir–Blodgett
method. [20,21] For our implementation of this process,
defect-free hexagonally close packed regions of nanospheres
typically extend over distances of ∼20 μm, separated by
cracks between boundaries and a few vacancies. The diameters of the nanospheres are then reduced by reactive-ion
etching, resulting in nanospheres with diameters of
50–150 nm, depending on etch time. These nanospheres then
serve as an etch mask to transfer the hexagonal pattern to the
underlying Cr, which acts as a hard mask during the subsequent quartz reactive ion etching process to achieve the desired high aspect ratio cylindrical pillar structure. Finally,
the Cr mask is removed by a standard wet etch process. While
the structures presented here were fabricated from quartz, the
general procedure just described may be applied to other
low-index materials such as soda lime glass with more specific
gas reactants in dry etch to create hexagonal arrays of submicrometer- to nanometer-scale high aspect ratio pillars rapidly,
at low cost, and over large areas.
Optical transmittance measurements were performed on
these structures using collimated light from a halogen lamp
spectrally resolved by a monochromator. The monochromatic
light was linearly polarized by a Glan–Thompson polarizer before reaching the device. Devices were mounted on a rotating
stage, allowing measurements to be performed at angles of
incidence θ ranging from 0° to 72°. Numerical simulations
of the optical behavior of these structures were performed
using rigorous coupled wave analysis [22]. In these simulations, the refractive index of the quartz was taken to be
1.46, independent of wavelength.

n0 − nsub 2 cos2 δ  n0 nsub ∕narc  − narc 2 sin2 δ
; (1)
n0  nsub 2 cos2 δ  n0 nsub ∕narc   narc 2 sin2 δ
p
where δ  2π n2arc − sin2 θd∕λ; n0 , nsub , and narc are the refractive indices of air, the dielectric substrate, and the antireflection coating layer, respectively; and d is the thickness of
the antireflection coating. For a quartz substrate with
nsub  1.46, the optimal narc can then be calculated from
Eq. (1) to be 1.05 and 1.02 for TE and TM polarization, respectively, and the optimal thickness, d, can be calculated by setting δ  π∕2, yielding d ∼ 376 nm. Materials with n < 1.3 do
not exist in nature but we can synthesize them by fabricating
a subwavelength nanostructure such as the hexagonal lattice
nanopillar array illustrated in Fig. 1. We note that the effective
index of a two-dimensional structure such as the nanopillar
array cannot be given by an analytical closed form using effective medium theory due to difficulties in descriptions of
fields along all directions [21–23]. Thus, it is necessary to determine the effective refractive index via simulations. In this
retrieval process, we assume the subwavelength nanopillar
structure behaves like a homogeneous medium with effective
refractive index neff if P ≪ λ, and we compare the simulated
transmittances for nanopillar structures with different D∕P ratios and a thin film with variable index neff for the same height
under various angles of incidence to determine the effective
refractive index at normal incidence. This process yields
R

neff ≈ 0.4D∕P2  1:

(2)

The previously calculated narc can then be converted into a
D∕P ratio based on Eq. (2), yielding optimal values for D∕P of
∼0.35 and 0.22 for TE and TM polarizations respectively.
Because the transmittance for TM polarization is already
very high, while transmittance for TE polarization decreases
rapidly with increasing angle of incidence, we choose D∕P 
0.35 as our starting point for design and fabrication of our
antireflection surfaces.
Figure 2(a) shows the numerically simulated transmittance
as a function of D and P under 45° polarization with
h  350 nm, θ  85°, and λ  500 nm. These simulations indicate that the transmittance can be raised to ∼85%, compared
to 40% for a bare quartz surface, with D∕P  0.35 (neff ∼ 1.05).
The optimal ratio D∕P under 45° polarization is close to the
previously calculated TE optimal value, since the transmittance of TE polarized light varies much more strongly than
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Fig. 2. Simulated transmittance spectra of a dielectric hexagonal lattice structure: (a) Transmittance contour map with h  350 nm, λ  500 nm,
θ  85° under 45° polarization. (b) Transmittance contour map with P  200 nm, λ  500 nm, θ  85° under 45° polarization. (c) Transmittance
spectra comparison between D  70 nm cylindrical nanopillar structure, and linearly “moth eye” structure with tapered D from 70 to 0 nm with
same P  200 nm, h  350 nm, under 45° polarization.

that of TM polarized light at large angles of incidence. The predicted low surface reflectance is also very robust to variations
in the detailed nanopillar structure: for D∕P varying from 0.12
to 0.55, or equivalently, neff varying from 1.006 to 1.12, one can
still achieve ∼20% (∼1.5×) transmittance enhancement. In this
respect, these designs are expected to be very robust to
fabrication-induced variations in structure. The simulations
shown in Fig. 2(a) also indicate that P can be increased to
values larger than λ while maintaining high transmittance at
shallow angles of incidence. However, for P ≳ λ, the high
transmittance will result in part from higher-order diffraction
peaks, and the direction of light transmittance will therefore
differ from the incident direction. If the application requires
only overall high transmittance regardless of diffraction,
nonsubwavelength values of P can be chosen; otherwise,
subwavelength periodicities are still preferred for enhancing
zero-order transmission.
Figure 2(b) illustrates the simulated dependence of transmittance on D and h for P fixed at 200 nm; with θ  85°
and λ  500 nm, the maximum transmittance can be raised
to ∼87.7% with P  200 nm, D  70 nm, and h  350 nm,
under 45° polarization. Away from the region of maximum
transmittance, a ripple pattern associated with Fabry–Perot
interferences across different values of D and h is observed:
as h increases, we observe an increase in Fabry–Perot modes
within the nanopillars between different D, resulting in several
locally optimal points; however, these points have less tolerance to variations in the value of D∕h compared with the
global optimum, therefore they are less favored from a fabrication perspective. The overall transmittance decreases when
D increases regardless of h, since neff increases and there is a
greater mismatch between the relative refractive indices of air
and substrate. The periodicity and magnitude of the Fabry–
Perot interferences observed in simulation agree well with
these predicted by Eq. (1).
Figure 2(c) shows a comparison of simulated transmittance
spectra for angles of incidence from 0° to 85° between a tapered “moth eye” structure (for which D is linearly tapered
from 70 nm to 0 nm) and the cylindrical nanopillar
(D  70 nm) structure, with the same period P  200 nm
and height h  350 nm for both, under 45° polarization.
The “moth eye” and cylindrical nanopillar structures have

similar transmittance response (∼95%) for θ  0°–60°; however, the transmittance of the “moth eye” structure starts to
decrease quickly beyond θ  60° while the cylindrical nanopillar structure maintains high transmittance to θ  75° for all
wavelengths, and transmittances ∼80% or higher to θ  80° in
wavelength range of 500–650 nm. Our simulations can be compared with earlier experimental work of a tapered “moth-eye”
structure (for which D is linearly tapered from 140 to 60 nm)
with P  150 nm and h  150 nm on glass [23], we note that
the transmittance of “moth-eye” structure with insufficient
height decreases significantly when θ > 75° which is consistent with our simulations.
Perfect antireflection structures have been discussed theoretically using different tapered “moth eye” geometries
[24–29]; however, the geometries of these structures need
to match perfectly to form the optimally graded-index profile,
and the height of the structure needs to be large enough to
ensure a sufficiently smooth transition from air to substrate
to avoid reflection. Therefore, both total height and potential
profile imperfections are key concerns in design and fabrication of “moth eye” antireflection coatings. Figure 3(a) shows
simulated transmittance spectra as a function of height (h) at
λ  500 nm and θ  85° for an optimized cylindrical pillar
structure (D  70 nm, P  200 nm, h  380 nm) and tapered
“moth eye” structures with different base diameters (D). For
height h limited to 380 nm or less, the cylindrical nanopillar
structure with h  380 nm clearly outperforms any tapered
“moth eye” structure. As the allowable height is increased
to ∼1 μm, certain “moth eye” structures can yield transmittance slightly higher than the cylindrical nanopillar structures
but only within narrow ranges of height and base diameter.
The “moth eye” structures are superior only for heights of
∼1.5 μm or greater, and such structures would be both
highly impractical to fabricate and very fragile in actual use.
Figure 3(b) shows simulated transmittance spectra as a function of top diameter (W ). The transmittance monotically decreases as the structure starts to taper. The pillar structure
remains superior compared to “moth-eye” with similar dimensions until the top diameter of the pillar is decreased to 35 nm
or less, providing very good tolerance to tapering due to
manufacturing errors. Thus, in situations requiring very low
reflectance over a broad range of angles and moderate range
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Fig. 3. (a) Simulated transmittance spectra of tapered “moth eye” structures at λ  500 nm, θ  85°, as a function of height (h) with P  200 nm
and D  50, 100, 150, and 200 nm under 45° polarization. The horizontal gray-dashed line corresponds to the optimized cylindrical nanopillar
structure with P  200 nm, D  70 nm, h  380 nm, and the vertical dashed line indicates h  380 nm for comparison. The inset shows a schematic diagram of the tapered “moth eye” structures for which the simulations were performed. (b) Simulated transmittance spectra of tapered pillar
structures with P  200 nm and D  70 nm at λ  500 nm, θ  85°, as a function of top diameter (W ) under 45° polarization. The inset shows a
schematic diagram of the tapered pillar structures for which the simulations were performed.

of wavelengths, the cylindrical nanopillar structures demonstrated here are expected to be superior to any practical
“moth eye” structure.
Figure 4(a) shows the measured transmittance spectra
for nanopillar structures with P  200 nm, h  350 nm,
and D  50, 90, or 100 nm, along with transmittance for
an unpatterned quartz substrate, for θ  0° − 72° and
λ  450–1050 nm, under TE polarization. The transmittances

for nanopillar structures with D  50, 90, and 100 nm are
greatly enhanced compared to that for the quartz substrate
for all wavelengths and angles of incidence. Figure 4(b)
shows a comparison of different transmittance spectra with
λ  500 nm, at θ  0° − 85°. Within these structures, D 
90 nm shows the highest transmittance (∼87%) at θ  72°,
which is ∼25% (∼1.45×) enhancement in transmittance
compared with the unpatterned quartz substrate; the

Fig. 4. (a) Measured transmittance spectra of quartz, and cylindrical
nanopillar structures with P  200 nm, h  350 nm, and D  50, 90,
or 100 nm. (b) Measured (solid lines) and simulated (dashed lines)
transmittances at λ  500 nm, as functions of angle of incidence
(θ) for quartz substrate and structures with P  200 nm,
h  350 nm, and D  50, 90, or 100 nm under TE polarization.

Fig. 5. (a) Measured transmittance spectra of quartz, and cylindrical
nanopillar structures with P  200 nm, h  350 nm, and D  50, 90,
or 100 nm. (b) Measured (solid lines) and simulated (dashed lines)
transmittances at λ  500 nm, as functions of angle of incidence
(θ), for quartz substrate and structures with P  200 nm,
h  350 nm, and D  50, 90, or 100 nm under TM polarization.
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transmittance spectra of structures with D  50 and 100 nm
show similar enhancement, but of slightly smaller magnitude
than for D  90 nm, due to the nonoptimal D∕P ratio.
Figure 5(a) shows the measured transmittance spectra
under TM polarization. The transmittances of the cylindrical
nanopillar structures with D  50 and 100 nm are ∼92%,
which is similar to that of the unpatterned quartz substrate
for θ  0°–50°, and reaches ∼95%, which is higher than
that for the unpatterned surface, when θ > 50°. Transmittance
for D  90 nm is close to that of the unpatterned substrate
since the admittance is slightly less optimized at TM polarization, but given the large TE transmittance this structure
exhibits at shallow angles, the overall transmittance for the
D  90 nm structure averaged over all incident polarizations
will be the highest. The simulations are generally in good
agreement with experimental data except for a small offset,
which we attribute to fabrication imperfections and
differences in dispersion relations between the actual quartz
substrate and the values assumed in our simulation.

4. CONCLUSIONS
In summary, we have designed, demonstrated, and analyzed a
series of subwavelength dielectric nanostructures that provide very high transmittance over visible wavelengths for different polarizations and over the entire range of angle of
incidence. Detailed analysis based on simulations and theory
reveal the optimal choices of feature size, periodicity, and
height of subwavelength nanopillar structures associated with
matching of phase and magnitude at large angle of incidence.
The performance of an optimal nanopillar structure is shown
to be superior to that of “moth eye” structures within realistic
fabrication limits on low-index substrates. The nanopillar
structures fabricated via NSL are tunable, may be applicable
to different substrates, and can be used for a broad range of
practical applications.
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