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ABSTRACT: Optical thin-ﬁlm coatings are typically limited
to designs where the refractive index varies in only a single
dimension. However, additional control over the propagation
of incoming light is possible by structuring the other two
dimensions. In this work, we demonstrate a three-dimensional
surface structured optical coating that combines the principles
of thin-ﬁlm optical design with bio-inspired nanostructures to
yield near-perfect antireﬂection. Using this hybrid approach,
we attain average reﬂection losses of 0.2% on sapphire and
0.6% on gallium nitride for 300−1800 nm light. This
performance is maintained to very wide incidence angles,
achieving less than 1% reﬂection at all measured wavelengths out to 45° for sapphire. This hybrid design has the potential to
signiﬁcantly enhance the broadband and wide-angle properties for a number of optical systems that require high transparency.
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T

he principles of thin-ﬁlm optics form the foundation for
conventional optical coating design. This paradigm has
enabled the development of a variety of optical elements,
including high-reﬂectivity coatings, long-pass and short-pass
ﬁlters, beam splitters, and antireﬂection ﬁlters.1,2 While it is
possible to make thin-ﬁlm coatings of very high quality, most of
these designs are one-dimensional in nature and do not allow
for structural variation in the two lateral dimensions.3
There is another class of optical elements that utilize
diﬀractive optics, which describes how light behaves when
encountering an obstacle with a variable lateral structure.4,5
When light is incident on a surface with periodic features, the
transmitted beam can be split and diﬀracted to an angle, θT,
which can be calculated using the grating equation
sin(θT) =

mλ 0
+ sin(θI)
ndlat

Diﬀractive optics is essential to a number of photonic systems
in which the propagation of light is controlled through surface
structuring. However, diﬀractive optical elements typically do
not employ the use of thin-ﬁlm design.
By combining the principles of diﬀractive and thin-ﬁlm
optics, it is possible to attain additional control over the
propagation of light.7,8 We showed previously that transmission
into a gallium arsenide-based four-junction solar cell can be
dramatically increased using a hybrid design that combines
surface structuring with a thin-ﬁlm optical coating.9,10 Here, we
demonstrate near-perfect broadband and wide-angle antireﬂection for a hybrid design fabricated on gallium nitride and on
sapphire.
These materials are technologically important for a number
of applications that require high optical transparency. Because
of its hardness (9 out of 10 on the Mohs hardness scale),
sapphire is commonly used as the cover glass for camera lenses,
watches, and other consumer electronics.11 Gallium nitride has
revolutionized solid-state lighting12−14 and has demonstrated
the potential to increase the eﬃciency of multijunction solar
cells.15−17 These technologies can beneﬁt from improved
broadband (∼300−1800 nm for multijunction solar cells)18
and wide-angle antireﬂection designs.
For thin-ﬁlm coatings to attain high transmission for
broadband and wide-angle light, it is necessary that the layers

(1)

where m is the diﬀraction order, λ0 is the wavelength of
incoming light, n and dlat are the refractive index and lateral
spacing of the structure, and θI is the incidence angle. These
principles are fundamental to the operation of diﬀraction
gratings and have also led to the advent of antireﬂective
nanostructures for the special case where only zeroth-order
diﬀraction is possible (m = 0).6 This condition is met when the
lateral spacing of the structure satisﬁes the following:
⎞
⎛
λ0
dlat < ⎜
⎟
⎝ n(1 − sin(θI)) ⎠
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be composed of low-absorption materials that also span the
refractive index range from air to the substrate. 10,19
Unfortunately, this is not always possible due to limitations
in material availability. One limitation is that few solid materials
exist with a refractive index lower than silicon dioxide (n <
1.5).20 Importantly, this constraint leads to degradation in both
the broadband and the wide-angle performance of any optical
coating design. The second limitation is that there are not many
low absorption materials with a refractive index higher than
titanium dioxide (n > 2.5).10,21 This primarily limits broadband
transmittance into semiconductors with a high refractive index
and is especially important for optical coatings on gallium
arsenide-based multijunction solar cells.9,10
The ﬁrst material constraint can be overcome using
antireﬂective nanostructures that mimic the optical properties
of a moth’s eye.6,22,23 These designs consist of nanoscale
pyramids with subwavelength spacing and act to suppress all
but zeroth-order diﬀraction.6,24 When the lateral dimensions
are suﬃciently small, the structure can be modeled by splitting
the nanopyramids into a large number of thin horizontal slices
with an eﬀective refractive index, neff, calculated using
Bruggeman’s eﬀective medium approximation.25 The symmetric 2-dimensional Bruggeman equation for two-material
mixtures is26,27
⎛ n − n1 ⎞
⎛ n − n0 ⎞
0 = F ⎜ eff
⎟
⎟ + (1 − F )⎜ eff
⎝ neff + n1 ⎠
⎝ neff + n0 ⎠

Figure 1. Illustration of the surface structured optical coating showing
(a) a three-dimensional diagram of the hybrid design, (b) a crosssectional SEM of the hybrid design placed onto sapphire, (c) the
refractive index proﬁle of the design, and (d) a two-dimensional proﬁle
of the antireﬂective nanostructures measured using AFM.

index proﬁle for the hybrid design. The nanostructure height
and pitch are approximately 800 and 350 nm, respectively.
The ﬁrst fabrication step is to design and deposit a multilayer
optical coating on the surface of the sample. We limit ourselves
to designs consisting of alternating layers of tantalum pentoxide
(Ta2O5) and SiO2. These materials are chosen because they
absorb minimal 300−1800 nm light and can be combined to
form Herpin pairs with the equivalent optical properties of an
intermediate index material.10,19,30,31 This enables these designs
to achieve near-optimal performance by spanning the entire
refractive index range from SiO2 to sapphire and most of the
range from SiO2 to gallium nitride. To optimize the layer
thicknesses, we perform a global search and then minimize
reﬂectance for 300−1800 nm light using a simplex
optimization.9,10
The multilayer coatings are deposited using a VEECO ionbeam-assisted sputter deposition system. After deposition of the
multilayer coating, a thick (≈1.5 μm) layer of SiO2 is placed
onto the sample. This is followed by a nanoimprinting process
and dry etching step to transfer the antireﬂective nanostructures from a master stamp to the SiO2 layer. Additional details
on the fabrication process are reported elsewhere.9
Figure 1b shows a cross-sectional SEM of the completed
hybrid design. While the nanostructures appear coarse, it is
important to note that this roughness occurs on a scale that is
much smaller than the wavelength of the light that we are
considering (300−1800 nm) and should not contribute
signiﬁcantly to scattering.6,10,32 It is also evident that there is
a SiO2 buﬀer of approximately 300 nm between the uppermost
Ta2O5 layer and the bottom of the nanostructures. It is
important to include this buﬀer layer in the optical model when
simulating these designs.
Figure 1d shows a two-dimensional proﬁle of the
nanostructures measured on a VEECO Dimension 3100
AFM with high aspect ratio AFM tips that are 2 μm tall.
With this proﬁle, we can extract the areal fraction, F, of SiO2 for
a large number of thin horizontal slices. These data are input
into eq 3 and used to calculate the refractive index proﬁle for
the fabricated hybrid designs. The nanostructures are modeled
using a 140-slice approximation, which we previously showed is

(3)

where F is the areal fraction of the nanostructure material in
each slice, n0 is the refractive index of air, and n1 is the refractive
index of the nanostructure material. Reﬂectance oﬀ and
transmittance through the nanostructures can then be
calculated using the transfer-matrix method.
For nanopyramids, where F changes smoothly through the
structure, incoming light will see a gradient in the eﬀective
index proﬁle and will be partially reﬂected at each slice in the
structure with a phase determined by the distance traveled
through the material. For suﬃciently tall nanostructures, all
phases will be present in the reﬂected beam, and destructive
interference will yield near-zero reﬂection for broadband and
wide-angle light.6,28
The second constraint can be overcome by utilizing lower
index (n < 2.5) materials in the substrate or active device. While
most semiconductors have a very high refractive index (n > 3),
both sapphire (n ≈ 1.8) and gallium nitride (n ≈ 2.4) have a
refractive index comparable to the transparent materials used
for thin-ﬁlm optical coating design.29
Our surface structured optical coating operates by combining
nanostructures, which reduce reﬂection from air to silicon
dioxide (SiO2), with a multilayer optical coating, which is
optimized for minimum reﬂection from SiO2 to the substrate.
When this hybrid design is applied to sapphire or gallium
nitride, both material constraints are eliminated and nearperfect broadband and wide-angle antireﬂection is possible.
Figure 1 shows various illustrations of the surface structured
optical coating, where the scanning electron micrograph (SEM)
and atomic force microscope (AFM) proﬁle are taken for a
design placed onto a single side polished (SSP) sapphire
substrate. Figure 1a,c shows a three-dimensional diagram of the
design and its corresponding refractive index proﬁle. The SEM
cross-section and AFM proﬁle from Figure 1b,d allow us to
approximate the nanostructure dimensions and the refractive
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backside of the samples to minimize unwanted reﬂections from
the unpolished surface.
It is evident that the hybrid design can outperform a
conventional multilayer antireﬂection coating. For 300−1800
nm light, the average measured reﬂectance of the surface
structured optical coating is just 0.2% for the design placed on
sapphire and 0.6% for the design placed on gallium nitride. This
represents a 16× decrease in broadband reﬂectance for sapphire
and 4× decrease for gallium nitride compared to an optimized
thin-ﬁlm antireﬂection coating.
The hybrid design also maintains its quality to very wide
incidence angles. Contour plots showing reﬂectance as a
function of both angle and wavelength are shown in Figure 3
for the hybrid design and multilayer antireﬂection coating on
SSP sapphire. Reﬂectance is measured using a V-VASE
ellipsometer for incidence angles between 15° and 85°. The
values shown are averaged from the s- and p-polarization
components of light.
We measure less than 1% reﬂectance at all wavelengths out
to an angle of 45° for the hybrid design. In comparison, the
reﬂectance of the multilayer antireﬂection coating does not
drop below 1% for any wavelength or angle measured. The
hybrid design achieves much better wide-angle performance
than a conventional multilayer AR coating for a couple reasons.
First, the nanostructure layer has excellent wide-angle
antireﬂective properties due to its smoothly varying refractive
index proﬁle.6,28 Since light is partially reﬂected at every point
in the structure, destructive interference will be maintained
even at wide incidence angles. Second, wide-angle light will be
bent closer to normal incidence in SiO2 due to Snell’s law of
refraction, and the magnitude of the partial reﬂections at the
thin-ﬁlm interfaces will not increase as rapidly as they would for
the air−SiO2 interface.
We also note that there is excellent agreement between the
measured and simulated reﬂectance for both designs. This
suggests that our model accurately describes the optical
properties of the nanostructures, and also provides indirect
evidence that the nanostructure layer is not scattering or
diﬀracting a signiﬁcant amount of light.9

a very accurate representation of the optical properties for the
nanostructure layer.10
Figure 2 shows the measured and simulated reﬂectance for
SSP sapphire and gallium nitride samples with an optimal

Figure 2. Plot of the simulated (dashed lines) and measured (solid
lines) reﬂectance spectrum showing the broadband performance of a
hybrid AR design and an optimal multilayer AR coating for (a)
sapphire and (b) gallium nitride.

hybrid antireﬂection design, a multilayer antireﬂection coating,
and no optical coating. Specular reﬂectance is measured at an
incidence angle of 8° using a Cary 500 UV−Vis−NIR
spectrophotometer. Black paint is placed onto the roughened

Figure 3. Contour plots showing simulated and measured reﬂectance as a function of both angle and wavelength for the optimal hybrid AR design
(left) and multilayer AR coating (right).
5962

dx.doi.org/10.1021/nl502977f | Nano Lett. 2014, 14, 5960−5964

Nano Letters

Letter

hybrid design on sapphire, we measure less than 1% reﬂection
loss across all measured wavelengths out to an incidence angle
of 45°. To quantify scattering and diﬀraction losses, we measure
reﬂection and transmission for a hybrid design placed on a DSP
sapphire sample. We ﬁnd an average optical loss of 0.7% for
500−1800 nm light, suggesting that scattering and diﬀraction
are minimal at these wavelengths. However, scattering and
diﬀraction increase signiﬁcantly at shorter wavelengths where
the onset of ﬁrst-order diﬀraction occurs. Overall, this hybrid
strategy has the potential to markedly enhance the broadband
and wide-angle properties for optical systems that require low
reﬂection and high transparency.

To further investigate scattering and diﬀraction in the
nanostructures, we measure reﬂectance and transmittance for a
double side polished (DSP) sapphire sample with a hybrid
design placed on both surfaces. These measurements are shown
in Figure 4, where loss from absorption, scattering, and
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Figure 4. Plot showing reﬂectance, transmittance, and optical loss (1
− T − R) for a hybrid AR design placed on both sides of a DSP
sapphire sample. Optical losses can be attributed to absorption,
scattering, and diﬀraction.

diﬀraction can be quantiﬁed as the amount of light that is not
specularly reﬂected or transmitted through the structure (1 − T
− R).
These optical losses are very small for most of the
wavelengths considered, averaging just 0.7% for 500−1800
nm light. However, we observe a large increase in optical loss
between 450 and 500 nm. This wavelength range corresponds
to the onset of the ﬁrst diﬀraction order, which occurs when eq
2 is no longer satisﬁed. To attain higher transmittance between
300 and 500 nm, it is necessary to further reduce the lateral
dimensions of the nanostructures. It is important to emphasize
that both scattering and diﬀraction loss are minimized when the
nanostructures are composed of materials with a low refractive
index, such as SiO2. For this reason, we expect that our hybrid
design will have lower optical losses than antireﬂective
nanostructures placed directly into the substrate material.
For simplicity, all of the hybrid designs in this study were
fabricated on single material substrates. However, additional
considerations must be taken into account when placing the
hybrid design onto optoelectronic devices such as LED’s or
multijunction photovoltaics. These devices usually have surface
topology, such as grids and mesas, which can make nanoimprinting diﬃcult. One solution is to use soft nanoimprint
lithography, which utilizes ﬂexible stamps that can successfully
imprint onto nonplanar samples.33 Another consideration is
that the epitaxial structure of these devices typically consist of
many diﬀerent semiconductor layers. However, it is important
to note that the index contrast between these layers is typically
small and usually will not have a major eﬀect on the design of
the thin-ﬁlm optical coating.9,10,16
In conclusion, our results indicate that it is possible to
signiﬁcantly decrease reﬂection for broadband and wide-angle
light using a design that integrates antireﬂective nanostructures
with a multilayer optical coating. These hybrid designs attain a
reﬂectance of 0.2% on sapphire and 0.6% on gallium nitride for
300−1800 nm light. Moreover, these broadband antireﬂective
properties are maintained to wide incidence angles. For the
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