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Ultrabroadband and Wide-Angle Hybrid
Antireflection Coatings With Nanostructures
Emmett E. Perl, Chieh-Ting Lin, William E. McMahon, Daniel J. Friedman, and John E. Bowers

Abstract—Ultrabroadband and wide-angle antireflection coat-
ings (ARCs) are essential to realizing efficiency gains for state-of-
the-art multijunction photovoltaic devices. In this study, we ex-
amine a novel design that integrates a nanostructured antireflec-
tion layer with a multilayer ARC. Using optical models, we find
that this hybrid approach can reduce reflected AM1.5D power by
10–50 W/m2 over a wide angular range compared to conventional
thin-film ARCs. A detailed balance model correlates this to an
improvement in absolute cell efficiency of 1–2%. Three different
ARC designs are fabricated on indium gallium phosphide, and re-
flectance is measured to show the benefit of this hybrid approach.

Index Terms—Biomimetics, optical films, photovoltaic cells,
III–V semiconductor materials.

I. INTRODUCTION

FOR nearly two decades, multijunction solar cells have had
the highest efficiencies of all photovoltaic technologies.

Current three-junction (3-J) architectures have achieved effi-
ciencies as high as 44.4% under concentration, and the devel-
opment of four-junction (4-J) and five-junction (5-J) devices
will put the industry within striking distance of attaining 50%
conversion efficiency [1], [2].

State-of-the-art multijunction cells are based on III–V mate-
rials, which reflect around 30% of incident light due to the high
index of refraction of these compounds. A standard two-layer
antireflection coating (ARC) is usually sufficient to reduce the
impact of reflection for most 3-J devices, even when reflectivity
increases at long wavelengths.

This is especially true for germanium-based 3-J devices be-
cause high infrared (IR) reflectivity will not affect a 0.66-eV
lower junction as long as it remains oversupplied with photons.
For 3-J devices that use a bottom junction with a bandgap closer
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Fig. 1. (a) Diagram of the hybrid ARC design. (b) Effective index of refraction
versus height for the full antireflective structure.

to 1.0 eV, IR requirements are not as intense since the cell will
absorb a narrower range of wavelengths [3].

However, 4-J and 5-J devices incorporating additional low
bandgap materials have become competitive with state-of-the-
art 3-J cells. These designs are more constrained and require
ARCs with consistently low-power reflection over a wavelength
range from about 300–1800 nm [1], [4]–[6].

One common approach to reduce reflections over a two-layer
coating is to deposit more ARC layers onto the sample. How-
ever, these multilayer designs are ultimately constrained by the
availability of suitable low-index (n < 1.4) and low-loss high-
index (n > 2.5) materials.

An alternative approach makes use of antireflective nanos-
tructures, which consist of subwavelength protrusions originally
discovered on the surface of a moth-eye to minimize visibility
to predators. If these nanostructures are tapered, incoming light
will see a smooth gradient in the effective index of refraction.
With no abrupt interfaces, Fresnel reflections are greatly reduced
and near-zero reflectance over a broad range of wavelengths and
angles is possible [7], [8].

Antireflective nanostructures have been integrated with III–V
photovoltaic devices using various approaches [9]–[15]. How-
ever, it is difficult to incorporate these structures without in-
troducing additional loss mechanisms. Direct patterning of the
active device is usually coupled with cell damage [9], [10]. This
can be avoided by placing the nanostructures into a thickened
AlInP window layer. However, this will lead to a significant
increase in absorption at short wavelengths [11]–[13]. Etching
nanostructures into a low-loss dielectric layer can minimize this
absorption, but will introduce a large gap in the refractive index
between the dielectric and semiconductor, leading to an increase
in reflection [14], [15].

Here, we report on a novel design that integrates a nanostruc-
tured antireflection layer with an interference-based ARC. Fig. 1
illustrates this hybrid approach, showing the cross-sectional
structure and correlated effective index of refraction of the de-
sign. The moth-eye coupling layer efficiently transmits light
from air into a low-loss dielectric layer, and the multilayer

2156-3381 © 2014 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications standards/publications/rights/index.html for more information.



PERL et al.: ULTRABROADBAND AND WIDE-ANGLE HYBRID ANTIREFLECTION COATINGS WITH NANOSTRUCTURES 963

ARC is designed to minimize reflection into the underlying
semiconductor.

The design and fabrication of a hybrid ARC was detailed
in our paper published in the proceedings of the 39th IEEE
Photovoltaics Specialist Conference. Here, we report on two
significant results that were not discussed in the conference
proceedings [16].

1) We model the performance of each ARC design as a func-
tion of both wavelength and angle of incidence. Results
indicate that the hybrid ARC can reduce reflections across
a wide angular range, with the greatest improvements oc-
curring at the widest angles. This suggests that in addition
to the enhancement in performance at normal incidence,
the hybrid ARC should further improve the efficiency of
an optical system which has a wide angular distribution.

2) Data from three different ARC designs are integrated into
a detailed balance model to relate ARC performance to
solar cell efficiency. We find that the AM1.5D weighted
reflectance of an ARC is closely correlated to the modeled
cell efficiency. This illustrates the importance of ARC
design and suggests that minimizing reflected power for
a given spectrum is a good design rule for photovoltaic
applications.

II. OPTICAL MODELING

A. Modeling Details

The design of a hybrid moth-eye ARC is compared with a
multilayer ARC, a two-layer ARC, and no ARC for 3-J and 4-J
designs. It is important to constrain each approach to the same
parameter space so a fair comparison can be made.

For the 3-J design, we assume a bottom junction with a
bandgap of 1.0 eV since this is similar to what is used for the
highest efficiency 3-J device architectures. For the 4-J design,
we assume a bottom junction consisting of 0.66-eV germanium,
which is representative of the bottom junction bandgap for many
proposed 4-J devices [2], [4], [5].

Material constraints are also important when comparing the
design of each ARC. For the interference-based ARC layers,
SiO2 and TiO2 are used. Due to their low (n≈ 1.5 for SiO2) and
high (n ≈ 2.7 for TiO2) indices of refraction, ARCs consisting
of alternating layers of these two materials often outperform
other combinations. All of the ARCs are optimized at normal
incidence to minimize AM1.5D reflected power into indium
gallium phosphide (InGaP). This material was chosen because
it has a high refractive index that is representative of many
III–V materials used in 3-J and 4-J architectures. All of the
optical constants used for these models were obtained from the
Sopra optical database [4], [5], [17], [18].

While typical multijunction photovoltaic devices have a very
complicated optical structure, it is beneficial to compare the
designs using a simpler configuration so that the quality of each
ARC can be considered in a more general manner. The relative
performance for each approach is expected to carry over for
photovoltaic devices that incorporate different materials in the
ARC and epitaxial structure.

The layer thicknesses for each of the three ARC designs
were optimized using TFCalc from Software Spectra. Since the
solar spectrum is not flat and covers a very broad range of
wavelengths, the optical design is complex and nonintuitive.
After performing a global search to find possible minimums
in the design, the simplex optimization method is used to fine
tune the thickness of each layer by minimizing a merit function
describing the quality of the ARC. Designs with eight-layers
were used as the starting point for optimization for both the
multilayer and hybrid ARC [17], [19].

Under the simplifying assumption that the internal quantum
efficiency (IQE) of the device is unity for all wavelengths larger
than the bandgap of the bottom junction, the merit function is
described as

F =
∫ λH

λL

I (λ)C (λ)dλ (1)

where λL and λH describe the wavelength range over which the
device is absorbing light, C(λ) is the reflectance calculated using
the transfer-matrix method, and I(λ) is a weighting function that
describes the power in the AM1.5D spectrum. This optimization
will maximize the amount of energy coupled into the active
layers.

For the hybrid ARC, the layer thicknesses are optimized in-
dependent from the geometry of the nanostructures. However,
it is important to note that the height, period, and shape of the
nanostructures can have a significant impact on the reflectivity
of the full structure. The design and optimization of antireflec-
tive nanostructures are described in detail elsewhere, and greater
than 99% transmission in SiO2 across most of the solar spectrum
has been reported [20]–[22].

B. Antireflection Coating Comparison

Table I shows the optimal structure for the interference-based
ARC for each of the three designs. The layer to the far left
is adjacent to InGaP and the layer to the far right is next to
the nanostructured layer for the hybrid ARC and air for the
multilayer and two-layer ARC.

After following the optimization procedure detailed earlier, a
multilayer ARC with four-layers and a hybrid ARC with seven-
layers turned out to have the lowest reflectivity. These two best
case scenarios were used so that a fair comparison could be
made.

Reflectance for each design is calculated using the transfer-
matrix method. The optical properties of the nanostructured
layer are modeled by calculating the effective index for 100 thin
horizontal slices in the structure using the Bruggeman effective
medium approximation [23], [24].

Cross-sectional scanning electron micrographs (SEMs) are
used to estimate the shape of the fabricated nanostructures. The
measured height of the moth-eye layer is about 750 nm. The
fill factor, defined as the areal percent of SiO2 in each slice, is
approximated to be a linear function of height.

Weighting reflectance to the AM1.5D spectrum allows us
to calculate the total reflected power for each design. These
results are summarized in Table II. Splitting reflected power
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TABLE I
ANTIREFLECTION COATING DESIGNS

TABLE II
ANTIREFLECTION COATING COMPARISON

Fig. 2. Plot showing reflected power vs. wavelength for each ARC design
across the 4-J wavelength range.

into individual wavelength components allows us to obtain a
reflected power spectrum, which illustrates many important
features from each design. This plot is shown in Fig. 2 for the
three ARCs optimized to the 4-J wavelength range.

For the two-layer ARC, there is a region of very low reflected
power centered near 600 nm. However, this region of low re-
flectivity does not cover the entire solar spectrum, leading to a
high power reflection at short and long wavelengths. A multi-
layer ARC improves broadband performance because additional
layers help to expand the design space.

The best performing design is the hybrid ARC. Historically,
optical coatings have been constrained by the lack of materials
with an index of refraction lower than MgF2 (n ≈ 1.38). By
bridging the refractive index gap between air and SiO2 , the
moth-eye coupling layer eliminates this constraint and opens up
the potential for higher quality designs [17], [18].

C. Angular Characteristics of Antireflection Coatings

Since most terrestrial multijunction solar cells are used in
conjunction with optical concentrator systems, it is important to
consider the angular characteristics of each ARC.

The transfer-matrix method is used to calculate reflectance
for both s and p polarized lights as a function of wavelength and
angle. The results of these simulations for the 4-J designs are
illustrated with contour plots in Fig. 3. The reflectance values
shown are averaged from the s and p polarization components.

It is evident from these plots that the antireflective properties
of the hybrid ARC are maintained across a wide angular range.
This approach is less sensitive to angle for a couple of reasons.
First, standalone moth-eye structures have excellent antireflec-
tive properties out to wide angles of incidence. Second, the
reflectance from the interference-based ARC layers would not
increase rapidly since the top moth-eye layer has the effect of
refracting incident light from air to a shallower angle in SiO2
due to Snell’s law of refraction.

At normal incidence, we obtain the same values for reflected
power as shown in Table II. At 45◦, we find that the percentage
of power reflected increases by an additional 1.3% for the two-
layer ARC, 1.2% for the multilayer ARC, and less than 0.2%
for the hybrid ARC when compared with the normal incidence
values shown in Table II. At 60◦, reflected power increases by
5.3% for the two-layer ARC, 5.2% for the multilayer ARC, and
less than 0.8% for the hybrid ARC.

It is important to note from Fig. 3 that ARC performance
will not change significantly from the normal incidence value
when the maximum angle of the system is small. However, for
a concentrated photovoltaic (CPV) system that spans a wide
angular range, the hybrid ARC should provide an added benefit
compared with conventional interference-based designs.
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Fig. 3. Contour plots showing reflectance as a function of angle and wave-
length for each ARC design.

D. Detailed Balance Cell Model

Reflectance for each of the three coatings is incorporated
into a detailed balance model to correlate ARC design to solar
cell efficiency. The model calculates the theoretical maximum
efficiency for series-connected 3-J and 4-J architectures with
bandgap combinations optimized for each configuration.

Some assumptions in the model include unity IQE, a con-
centration of 1000 suns, and a temperature of 300 K. For the
3-J case, the bandgap of the top junction is set to 1.9 eV, the
bandgap of the middle junction is varied for optimization, and
the bandgap of the bottom junction is set to 1.0 eV. For the
4-J case, the bandgap of the top junction is set at 1.9 eV, the
bandgap of the second and third junctions is varied to maxi-
mize efficiency, and the bandgap of the bottom junction is set to
0.66 eV. The junctions are allowed to be thinned when necessary
to pass light to the next junction [5].

Fig. 4 shows the results from this model. We see that there is
an excellent correlation between the AM1.5D reflected power
for each ARC and the modeled cell efficiency, with a coefficient
of determination (R2) of 0.9994 for the 4-J case and 0.9985
for the 3-J case. The optimal bandgaps of the middle junctions
are slightly different for each design, which accounts for the
nonunity R2 value.

Fig. 4. Detailed balance model showing the correlation between AM1.5D
reflected power and modeled cell efficiency at 1000 suns concentration, the two
lines are linear fits to the data.

While the absolute efficiencies from this model are for ide-
alized cells and therefore may not be possible to achieve, the
relative values are useful for device design. Furthermore, they
highlight the impact of ARC design on cell efficiency.

III. RESULTS AND DISCUSSION

Each ARC design is fabricated on a sample consisting of
approximately 1 μm of InGaP on a gallium arsenide (GaAs)
substrate grown by metalorganic vapour phase epitaxy. The re-
flectance of the resulting coatings is measured and compared
with simulations.

It is important to note that the optical constants reported in
the Sopra optical database are not universal to each material. Of
particular importance to our design, we find that the measured
refractive index of our InGaP layer is a few percent higher and
the refractive index of our TiO2 film is a few percent lower than
the values reported. For this reason, it is necessary to carefully
characterize each material and reoptimize the designs prior to
depositing the ARCs.

A. Experimental Details

All of the interference-based ARC layers are deposited using
a VEECO ion beam-assisted sputter deposition system. For the
hybrid ARC, an additional layer of SiO2 is deposited with a
thickness of approximately 1.5 μm to accommodate the antire-
flective nanostructures.

The moth-eye pattern is transferred from a nickel master
stamp to the sample using thermal nanoimprint lithography.
The stamp was fabricated by NIL Technology with the nanos-
tructures arranged in a hexagonal array. The geometry of the
moth-eye pattern is shown in the SEMs in Fig. 5.

The imprinting of the overlying resist layer is carried out
at a pressure of 450 psi and a temperature of 140 ◦C using a
Nanonex imprinting tool. The pattern is then transferred into the
SiO2 layer using an inductively-coupled plasma (ICP) etch. It is
possible to have some control over the aspect ratio by adjusting
the etch parameters. Using a 300-W CHF3 etch, we achieve a
SiO2 /resist etching ratio greater than 2:1.
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Fig. 5. SEMs of the hybrid moth-eye design. (a) Cross-sectional SEM showing
the multilayer ARC and imprinted moth-eye pattern. (b) SEM of the sample
after the ICP etch. (c) SEM of the sample showing excellent replication of the
moth-eye pattern. (d) Top view SEM showing the hexagonal geometry of the
nanostructures.

Fig. 6. Plot showing the measured and simulated reflectance for each ARC
design at an angle of 8◦.

Fig. 5(a) shows a cross-sectional SEM of the hybrid ARC
after imprinting of the resist layer. The period and height of
the moth-eye structure are approximately 350 nm. Fig. 5(b)
shows the sample after the ICP etch and with the resist layer re-
moved. This image allows us to estimate the geometry of the fea-
tures for modeling their antireflective properties. The measured
height of the moth-eye pattern is approximately 750 nm, and the
fill factor appears to increase smoothly from the top of the struc-
ture to the bottom without any abrupt jump in the effective index
of refraction.

Fig. 5(c) and (d) shows a larger section of the pattern after im-
printing and etching. These images exhibit the excellent pattern
fidelity of the final replicated structure.

B. Results

Specular reflectance for each ARC is measured using a Cary
500 UV-VIS-NIR spectrophotometer. These reflectance scans
are compared with optical models.

Fig. 6 shows this comparison for each design. While the mea-
surements do not account for diffuse reflections, close agreement
between simulated and measured specular reflectance can pro-
vide indirect evidence that the moth-eye layer is not scattering
a significant amount of light.

The simulations and optimized ARC designs take into ac-
count the interface between InGaP and GaAs. This interface

Fig. 7. Plot showing the measured and simulated reflectance for the hybrid
and multilayer ARC at a wavelength of 500 nm.

is responsible for the interference fringes that begin around
675 nm, corresponding to the bandgap of InGaP. The period of
these fringes is linked to the InGaP layer thickness.

Since the merit function is weighted to the direct spectrum,
a measure of reflected AM1.5D power will provide a good
comparison between each design. Using this metric, we find
that the hybrid ARC performs much better than the other two
designs.

The two-layer ARC specularly reflects 47.4 W/m2 , corre-
sponding to 5.5% of the AM1.5D power in the 4-J wavelength
range. The four-layer ARC reflects 38.6 W/m2 , or 4.5% of the
power in the 4-J range. In comparison, the hybrid ARC spec-
ularly reflects just 24.0 W/m2 , corresponding to a 2.8% power
reflection.

Note that the measured reflectance for the hybrid ARC starts
to deviate from the simulated value below 350 nm. This occurs
because these wavelengths are approaching the lateral dimen-
sions of the nanostructures. Under these conditions, less light
will be specularly reflected due to the onset of the first diffraction
order of the moth-eye layer. Also note that if the nanostructures
were scattering a significant amount of light at longer wave-
lengths, we could expect to see a similar disagreement between
the measurements and the model [25].

A V-VASE ellipsometer is used to measure reflectance of
the hybrid and multilayer ARC as a function of angle. Fig. 7
compares the measurements with our optical model from 15◦ to
60◦. These values are acquired at a wavelength of 500 nm, and
are averaged from s and p polarization data.

While Fig. 7 shows that the hybrid ARC maintains a lower
reflectance than the multilayer ARC across the entire measured
angular range, it is important to remember that these measure-
ments are taken at a single wavelength. These data therefore do
not show a full comparison between the two designs.

The most important result from Figs. 6 and 7 is that they show
that the hybrid ARC is behaving very close to what we would ex-
pect from our optical model. They therefore represent an early
indication that the relative efficiency improvements shown in
Fig. 4 could be realized in practice for multijunction photo-
voltaics. We are currently working to integrate the hybrid ARC
onto an active device to further characterize its performance.
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C. Integration With Optical Elements and Cover Glass

A multijunction device will rarely be exposed to air when
operated in the field. Typically, the device will be encapsulated
with either coverglass when operated in space or a secondary
optic when used in CPV systems. It is important to note that
the hybrid approach should be compatible with both space and
CPV systems.

For these applications, the antireflective nanostructures can be
incorporated onto the front of the encapsulant since the thickness
of the coupling layer is not critical to the hybrid design. As long
as the nanostructures do not scatter or diffract incoming light,
they will not affect the optics of the system.

Since superior optical design can be achieved by bridging the
air–SiO2 index gap, efficiencies for research cells with an ARC
designed to air may be 1–2% lower than what can be achieved
in the field if antireflective nanostructures are integrated into the
optical system.

Antireflective nanostructures have already been developed for
many commercial products, including wide-angle camera lenses
and 80-in television displays. Adoption of the same nanoim-
printing process for photovoltaic systems should lead to notable
improvements in optical efficiency for CPV and space photo-
voltaics.

IV. CONCLUSION

In this study, we present a novel ARC design which inte-
grates a nanostructured antireflection layer with a multilayer
interference-based dielectric stack. This approach is compared
with multilayer and two-layer ARC designs. Optical models
show that the hybrid ARC can reduce reflected AM1.5D power
by 10–50 W/m2 compared with two-layer and multilayer ARCs.
Furthermore, they exhibit better broadband and wide-angle per-
formance.

The three ARCs were fabricated on a sample consisting of
approximately 1μm of InGaP on GaAs. Reflectance scans show
a 1.7% and 2.7% decrease in AM1.5D reflected power percent-
age versus multilayer and two-layer ARCs, respectively. This
translates to an improvement of roughly 1–2% in cell efficiency
for a 40% efficient multijunction device.
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