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Abstract

Index Terms

I. INTRODUCTION 

For nearly two decades, multi-junction solar cells have had 
the highest efficiencies of all photovoltaic technologies. 
Current three-junction (3-J) architectures have achieved 
efficiencies as high as 44.0% under concentration, and the 
development of four-junction (4-J) devices will put the 
industry within striking distance of attaining 50.0% 
conversion efficiency. [1][2] 

State-of-the-art cells are typically based on III-V materials, 
which reflect around 30% of incident light due to the high 
index of refraction of these compounds. A standard 2-layer 
antireflection coating (ARC) is usually sufficient to reduce the 
impact of reflections for most 3-J devices, even with a 
passband that does not span the solar spectrum. 

This is the case for germanium based 3-J devices because 
high IR reflectivity will not affect a 0.66-eV lower junction as 
long as it remains oversupplied with photons. For devices that 
use a bottom junction with a bandgap closer to 1.0-eV, IR 
requirements are not as intense since the cell will absorb a 
much narrower range of wavelengths. [3] 

However, 4-J designs incorporating an additional low 
bandgap material are more constrained and have intense 
requirements for infrared ARC performance. These devices 
will require ARCs with consistently low power reflection over 
a wavelength range from about 300-1800 nm. [4][5] 

One common approach to reduce reflections over a 2-layer 
coating is to deposit more ARC layers onto the sample. While 
these multilayer designs can outperform a 2-layer ARC, it is 
difficult to significantly reduce the average reflectance to less 
than 5% over the relevant 4-J wavelength range using 

commonly available materials. This reflection will correspond 
to a loss in absolute cell efficiency of 1-2% for a four-junction 
photovoltaic device.  

An alternative approach makes use of antireflective 
nanostructures, which consist of sub-wavelength 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. [6][7] 

However, these anti-reflective nanostructures are difficult to 
integrate onto active photovoltaic devices without introducing 
additional loss mechanisms. Direct patterning of the active 
device is usually coupled with cell damage. To avoid this, it is 
necessary to integrate the moth-eye nanostructures into a 
transparent and electrically isolated layer that is at least a few 
hundred nm thick. However, finding a suitable material that is 
index-matched to the active layers which will also not absorb 
a significant amount of incoming light is very difficult. [8] 

 

 
Fig. 1. (a) Diagram of the hybrid moth-eye design. (b) Effective 
index of refraction vs. height for the full antireflective structure. 
 

Here, we report on a novel approach that integrates a 
nanostructured antireflection layer with an interference based 
ARC. Fig. 1 illustrates this hybrid moth-eye approach, 
showing the cross-sectional structure and correlated effective 
index of refraction for the design.  

Because the nanostructures are placed in a low-loss layer, 
this configuration will not lead to significant absorption. 
Furthermore, this design does not modify any active layers of 
the underlying cell, and is therefore compatible with any 
multi-junction design that currently uses thin-film 
antireflection coatings.  



The interference based ARC layers serve the purpose of 
minimizing reflections between a lower index moth-eye 
coupling layer and the higher index active layers. This 
approach allows for a notable improvement over the best 
multilayer ARCs in a configuration that is compatible with 
photovoltaic design.  

II. OPTICAL MODELING 

Optical modeling was performed for 3-J and 4-J designs to 
compare the hybrid moth-eye ARC to more conventional 
approaches. The transfer-matrix method was used to calculate 
the reflectance of various multilayer configurations. This data 
was then weighted to the AM1.5D spectrum, and the layer 
structure for each coating was optimized to minimize for 
reflected power in the solar spectrum.  

A. Modeling Details 

The same principles involved in conventional ARC design 
apply to the hybrid moth-eye approach. Typically, multiple 
thin-film layers consisting of low loss materials, such as SiO2, 
Al2O3, Ta2O5, or TiO2, are deposited onto the top of the 
device. Reflection is suppressed due to interference effects 
between the partial reflections from each interface.  

Since the solar spectrum is not flat and covers a very broad 
range of wavelengths, the design is complex and non-intuitive. 
To optimize the thickness of each layer, it is necessary to vary 
the widths until a merit function describing the quality of the 
design is minimized. 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 by (1): 
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Where m is the number of targets used when summing 
across a given wavelength range, C is the reflectance 
calculated using the transfer-matrix method, I is a weighting 
function that describes the power in the AM1.5D spectrum, 
and k is the power of the method. [9] 

When the power of the method is 1, the merit function 
simplifies to the AM1.5D weighted average reflectance over 
the range where the device is absorbing. This optimization 
will minimize the total power reflected from the device, 
thereby maximizing the amount of energy coupled into the 
active layers. As the power of the method increases, larger 
deviations inside the sum of the merit function are given more 
weight. This will cause the reflected power spectrum to 
flatten, which is beneficial when current matching is essential 
and there is little flexibility for bandgap tuning. For each of 
our designs, we set the power of the method to 1 so the ARCs 
will optimize for minimum reflected power.  

Many practical considerations must also be taken into 
account when designing an ARC for a multi-junction device. 
Some examples include current matching constraints, losses 
due to the bandgap – open circuit voltage (Eg/q – Voc) offset 
for each junction, and real-world non-unity IQEs.  

B. ARC Design Parameters 

The design of a hybrid moth-eye ARC is compared to a 
multilayer ARC, a 2-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.  

The wavelength range used for optimization was adjusted 
for a 3-J case and a 4-J case. A low wavelength cutoff of 300 
nm is used for both designs since shorter wavelength light 
makes up an insignificant amount of the total power in the 
direct spectrum.  

For the 3-J range, we assume a bottom junction with a 
bandgap of 1.0-eV since this is similar to what is used in the 
highest efficiency 3-J device architectures. This corresponds 
to a high wavelength cutoff of 1240 nm. [10]  

For the 4-J range, we assume a bottom junction made of 
0.66-eV germanium, corresponding to a long wavelength 
cutoff of 1879 nm. It would be difficult to incorporate a 
material with a lower bandgap into a multi-junction device 
because there is less energy available at longer wavelengths 
and the efficiency of the junction would be low due to (Eg/q – 
Voc) offset losses.  

Fig. 2 shows the AM1.5D spectrum and illustrates the 
wavelength ranges used for the 3-J and 4-J cases. 

 

 
Fig. 2. Plot of the AM1.5D spectrum, showing the relevant high 
and low wavelength cutoffs used for 3-J and 4-J ARC design. 

 
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 usually 
outperformed other combinations. [11] 

For the hybrid ARC, we assume that the moth-eye 
antireflection layer is made of SiO2 and does not reflect or 
scatter. This assumption is based on previous reports of near-



perfect broadband reflectance into glass using anti-reflective 
nanostructures. The interference-based antireflective layers are 
then designed to minimize reflection using SiO2 as the 
incident medium. [12] 

All the ARCs were optimized to minimize AM1.5D 
reflected power into indium gallium phosphide (InGaP). This 
material was chosen because it is used as the top junction for 
most 3-J and 4-J device architectures. While a multi-junction 
device has a much more complicated layer structure, we find 
that minimizing reflection into the top layer will yield a very 
similar design to a model that takes into account the entire 
optical structure. Furthermore, this simple comparison should 
highlight the quality of each approach in a general manner. 
The relative performance of each design should carry over for 
devices that incorporate different materials in the ARC and 
epitaxial structure.  

All of the optical constants used for these models were 
obtained from the Sopra optical database. TFCalc from 
Software Spectra was used to design the layer structure for 
each optical coating. Additional information on thin-film 
ARCs can be found elsewhere. [9][13] 

C. Antireflection Coating Comparison 

The 3 designs were first optimized to minimize reflected 
power in the AM1.5D spectrum using the procedures detailed 
above. At each wavelength, the reflectance is multiplied by 
the power density in the AM1.5D spectrum to obtain a plot of 
reflected power vs. wavelength. This plot is shown in Fig. 3 
for each ARC design optimized to the 4-J wavelength range.  

 

 
Fig. 3. Plot showing the reflected power vs. wavelength for each 
of the ARC designs for the 4-J wavelength range. 

Summing across the 3-J and 4-J wavelength range allows us 
to calculate the total reflected power for each design. These 
results are summarized in Table 1.  

For both the 3-J and 4-J ranges, there is a decrease in the 
reflected power of approximately 3% when comparing a 2-
layer ARC to a multilayer ARC. An additional reduction in 
reflected power of approximately 2% can be obtained by using 
a hybrid ARC.  

It is important to note that the largest improvements occur 
when optimizing to the 4-J range. This indicates that the more 
advanced coatings have better broadband characteristics, and 
should provide greater improvements to 4-J devices than they 
would to current 3-J designs.  

Many important features from each design are also 
illustrated in the reflected power spectrum in Fig. 3. For the 2-
layer ARC, there is a region of very low reflected power 
centered near 600 nm. However, the region of low reflectivity 
is not very wide for this design, leading to a high power 
reflection at short and long wavelengths.  

Increasing the power of the method will add weight to 
regions of the curve with high reflected power, and may help a 
2-layer ARC cover a broad wavelength range. However, there 
are limits to the width of the passband for any 2-layer design, 
leading to an imbalance in the reflected power spectrum that 
may have a negative effect on device performance.  

A multilayer ARC improves broadband performance 
because additional layers help to expand the design space. The 
optimal design consists of just 4 alternating layers of TiO2 and 
SiO2, and allows for a notable reduction in reflected power for 
blue and infrared wavelengths compared to the 2-layer ARC. 
Given its simplicity and potential for high performance, a 4-
layer ARC is an appealing approach for multi-junction design.  

The highest performing design is the hybrid moth-eye ARC. 
Historically, optical coating design is 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.  

Compared to the optimized 4-layer ARC, the hybrid 
approach further decreases reflected power by about 2% 
across the entire 4-J range. The design is optimized when 
seven interference-based layers are used, indicating that the 
added performance comes at the expense of increased 
complexity, at least during the initial stages of optical design. 
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III. RESULTS AND DISCUSSION 

To validate the optical modeling, each ARC design is 
placed on a sample consisting of approximately 1 μm of 
InGaP on a GaAs substrate. The reflectance of the resulting 
coatings are measured and compared to 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 re-
optimize the designs prior to depositing ARCs.  

A. Experimental Details 

Approximately 1 μm of InGaP was first grown on a GaAs 
substrate using MOCVD. The optical constants and thickness 
of the InGaP layer was measured using ellipsometry. The SiO2 
and TiO2 interference-based ARC layers were deposited using 
a VEECO Ion Beam Assisted Sputter Deposition system. The 
optical constants and deposition rate for each film were also 
characterized using ellipsometry. Each design was then re-
optimized using updated material parameters. 

The final layers for each of the 3 ARCs were deposited onto 
each sample. For the hybrid design, an additional layer of SiO2 
was deposited with a thickness of approximately 1.5 μm to 
accommodate the moth-eye coupling layer. This thickness 
should not have an effect on reflectance as long as the 
nanostructures exhibit good antireflective properties.  

Thermal nanoimprint lithography was then used to transfer 
the moth-eye pattern from a nickel master stamp to a thin 
thermoplastic polymer on top of the sample. The nickel stamp 
was fabricated by NIL Technology and the imprinting of the 
overlying resist layer was done using a Nanonex imprinting 
tool. The imprint was carried out at a pressure of 450 psi and a 
temperature of 140 C.  

Fig. 4a shows a cross sectional SEM of a hybrid ARC after 
the imprinting process. The period and height of the moth-eye 
structure is about 350 nm.  
 

Fig. 4. (a) Cross sectional SEM of the hybrid moth-eye design 
showing a multilayer ARC and imprinted moth-eye layer. (b) SEM of 
sample showing excellent replication of moth-eye pattern. 

 
The pattern is transferred into the SiO2 layer using an 

Inductively Coupled Plasma (ICP) etch. It is possible to 

control the aspect ratio by adjusting etch parameters to change 
the selectivity of SiO2 to the thermoplastic. We achieve a 
selectivity of roughly 1.7 using a 300W CHF3 etch. This leads 
to an increased aspect ratio for the final moth-eye pattern, 
which is beneficial to its antireflective properties.  

After transferring the moth-eye pattern into the SiO2 
coupling layer, the remaining thermoplastic is removed with 
acetone and the design is complete. Fig. 4b shows the sample 
after the ICP etch and with the resist layer removed. Note the 
increased aspect ratio of the moth-eye structures.  

B. Results 

Specular reflectance for each ARC was measured using a 
Cary 500 UV-VIS-NIR Spectrophotometer. These reflectance 
scans are compared to optical models. 

Fig. 5 shows this comparison for each design. The 
simulations take into account the interface between InGaP and 
GaAs. This interface 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.  
 

 
Fig. 5. Plot showing the measured and simulated reflectance for 
each ARC design  

Since the merit function is weighted to the direct spectrum, 
a measure of the reflected AM1.5D power should provide a 
good comparison between each design. Using this metric, we 
find that the hybrid ARC performs significantly better than the 
other 2 designs. The 2-layer ARC reflects 47.4 W/m2, 
corresponding to 5.5% of the AM1.5D power in the 4-J 



wavelength range. The 4-layer ARC reflects 38.6 W/m2, or 
4.5% of the power in the 4-J range. In comparison, the hybrid 
ARC reflects just 23.9 W/m2, corresponding to a 2.8% power 
reflection.  

There is excellent agreement between the simulated and 
measured reflectance for each design. This is a particularly 
significant result for the hybrid ARC since the simulation 
calculates the reflectance of the multilayer structure using 
SiO2 as the incident medium. This assumption is only valid 
when the moth-eye layer is not reflecting, absorbing, or 
scattering a considerable amount of light. 

 If the nanostructures were significantly absorbing or 
scattering, we would see a negative vertical offset in the 
measured specular reflectance. If the nanostructures were 
reflecting a substantial amount of light, we would have to 
insert additional elements into the transfer matrix when 
calculating the reflection coefficient; causing the spectrum to 
modulate. However, no modulation or offset is observed when 
comparing the two curves.  

The excellent agreement between theoretical and measured 
reflectance is therefore an indication that the antireflective 
nanostructures are effectively coupling light into the top SiO2 
layer as expected.  

IV. CONCLUSIONS 

In this work, we present a novel ARC design which 
integrates a moth-eye antireflection layer with a multilayer 
dielectric stack. This approach is compared to multilayer and 
2-layer ARC designs. Optical models show that an optimized 
hybrid ARC can reduce the reflected AM1.5D power by 10-45 
W/m2 over a 2-layer and multilayer ARC. Furthermore, they 
exhibit better broadband characteristics compared to 
conventional multilayer designs. This is very important for 4-J 
devices that absorb to longer wavelengths than current state-
of-the-art 3-J cells.  

The three ARCs were fabricated on a sample consisting of 
approximately 1 μm of InGaP on GaAs. The measured 
reflectance for each coating shows that the hybrid ARC can 
reduce the reflected AM1.5D power by 2 to 3% compared to 
2-layer and multilayer thin-film designs. This translates into 
an improvement of roughly 1% in cell efficiency for a 40% 
efficient multi-junction device.  

Furthermore, there is an excellent agreement between the 
modeled and measured reflectance, indicating that the 
replicated moth-eye layer is exhibiting excellent antireflection 
properties with minimal absorption and scattering.  
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