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Abstract: Materials for nanoporous coatings have been developed that exploit optimized chemistries
and self-assembly processes, with capabilities to reach ~98% transmission efficiency and negligible
scattering losses over a broad wavelength range of the solar spectrum from 350 nm to 1.5 µm, on both
flat and curved glass substrates. These nanomaterial anti-reflection (nAR) coatings also offer wide
acceptance angles, up to ±40°, for both s- and p-polarization states of incident light. Carefully
controlled bilayer films have allowed for the fabrication of dual-sided, gradient index profiles on planoconvex lens elements. In concentration photovoltaics (CPV) platforms, the resultant enhancements in
the PV efficiencies were ~8%, as defined by experimental measurements on systems that used
microscale triple-junction solar cells. These materials and their applications in technologies that require
control over interface reflections have the potential for broad utility in imaging systems,
photolithography, light-emitting diodes (LEDs) and display technologies.

1. Introduction
Recent advances have made concentration photovoltaics (CPV) technology increasingly attractive for
utility scale power generation. Such systems incorporate multi-junction (MJ) solar cells that operate
on separate spectral bands of the solar radiation to reduce carrier thermalization losses, in which the
addition of junctions provides a scalable pathway for increasing the photovoltaic (PV) conversion
efficiencies.[1] Geometric optical elements that concentrate rays of direct sunlight onto these MJ
cells enhance the materials utilization such that in geographic regions with high direct normal
irradiance, the cost of electricity generated by the latest CPV modules can compete with
conventional flat-plate PV technologies. Many advances in CPV technologies follow from the
development of epitaxial growth techniques and/or from novel stacking, bonding and mechanical
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assembly strategies[2-15] to increase the numbers of junctions in the MJ cells. Over the last decade,
cell efficiencies have improved at a rate of ~1% per year, to values that are presently ~46.0%, with
corresponding module efficiencies of 38.9%.[16] Alternative approaches that use spectrum-splitting
techniques and arrays of separate, single-junction cells are also possible.[17-18] Hybrid optical designs
at the module level allow utilization of both direct and diffuse solar radiation, thereby further
improving the module level efficiencies.[19-22]
In all of these embodiments, Fresnel reflections associated with the concentrating and/or spectrum
splitting optics result in optical losses and, by consequence, reductions in performance. For the most
advanced commercial CPV modules (Semprius Inc.) in a two-stage optics system (i.e., a primary lens
array along with ball lenses, the latter of which enhance the angular acceptance and illumination
uniformity), such losses are ~12% due to the presence of three optic/air interfaces.[23] Although
reflections at the surfaces of MJ cells can be minimized using standard multilayer coating
approaches, reflections at the air/glass interfaces are much more difficult to address technically. The
simplest approach relies on a single-layer coating having an index of refraction intermediate
between the air and the substrate (i.e., nopt  ni  ns where ni and ns are the refractive indices of
the incident medium and the substrate, respectively) optimized for operation at a given wavelength
by selecting a thickness equal to a quarter of the wavelength evaluated in the coating (i.e.,

t   4nopt ). Multilayer coatings increase the wavelength bandwidth for effective operation, as
demonstrated on a variety of photovoltaic devices.[24-26] Application of this type of anti-reflection (AR)
strategy for optical materials such as glass, with index values ~1.5, is, however, limited by the
absence of materials with appropriate indices of refraction (ideal value for a single layer AR coating
is n ≈ 1.2). One solution involves materials with homogeneously distributed nanopores as air voids,

This article is protected by copyright. All rights reserved.
4

to reduce the index of refraction of the medium in an averaged sense. Approaches to realize such
porous structures include phase separation and etching processes[27-32], oblique angle deposition[26,
33-37]

, sol-gel techniques[38-43] and sacrificial organic pore generators (e.g., dendrimers and amphiphilic

block copolymers).[44-51] In all cases, the pores must have dimensions significantly smaller than the
wavelengths of sunlight to avoid the detrimental effects of scattering[52], which can be particularly
problematic for CPV applications. An alternative approach relies on conical features of relief with
sub-wavelength lateral dimensions, to create an effective spatial gradient in index and an associated
smooth optical transition from the air to the substrate. Such textured surfaces can be created on
silicon (Si) solar cells using standard etching techniques, with reflection losses typically below 1%
across a broad range of the solar spectrum.[53-60] The formation of similar structures on the curved
surfaces of glass or polymer optics in CPV technologies is, by comparison, highly challenging.
We describe herein materials approaches to broadband AR coatings that rely on single or dual layers
of low index nanoporous spin-on-glasses formed using block copolymers and self-assembly, a
process that has been widely studied to create low-k materials for applications in
microelectronics.[61] The ability to adjust the index over a wide range, the excellent optical properties
and the ease of formation of these coatings on flat and curved surfaces, in single or multilayer
geometries, represent key attractive features. Specifically, the material consists of a dielectric matrix
with a templating agent—an amphiphilic block copolymer (ABC) that self-assembles into
nanospheres— that can be removed in a thermal process that simultaneously transforms the matrix
into a silica-like form with dispersed pores that have diameters (~ 12 nm) far below values that could
lead to light scattering or other disruptions in the optical path needed for effective concentration.[4445, 47, 49-50, 62]

The molecular weight of the copolymer, and its relative concentration, define the sizes
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and densities of the pores, thereby providing deterministic control over the index of refraction.
Single- and dual-layer coatings of this nanoporous anti-reflection (nAR) silica material have yielded
optical performance in quantitative agreement with the modeling. The resulting transmission values
exceeded ~98% for wavelengths between 350 nm to 1.5 µm over angular ranges of up to ±40°,
which are relevant to the most aggressive concentrating optics used in commercial CPV systems. As
a functional demonstration, the application of optimized coatings onto the front and back side
surfaces of plano-convex lenses for concentrating light onto microscale triple junction (3J) solar cells
has improved the short-circuit current values by 8.2%. The results suggest opportunities not only in
PV but also in other photonic and optoelectronic devices, such as light-emitting diodes (LEDs),
imaging devices, display components and optical sensors.

2. Results and Discussion
The chemistry and processing approaches (Figure 1A) followed procedures described previously[47].
Poly(methyl silsesquioxane) (PMSSQ, yellow) served as a matrix dielectric material and poly(styreneb-2-vinylpyridine) (PS-b-P2VP, Mn: PS(7800)-P2VP(10000), red and blue represent PS and P2VP
blocks, respectively) acted as a sacrificial templating agent. Upon spin casting and curing a mixture of
these two components at elevated temperatures (120 for 3 hrs and 350 °C for 1 hr), the Si-OH
groups in the PMSSQ crosslinked to form Si-O-Si bonds, thereby transforming the matrix from
hydrophilic to hydrophobic. This process also induced a phase separation of the PS-b-P2VP into coreshell nanospheres that exposed the hydrophobic PS block to the PMSSQ matrix, minimizing
unfavorable interactions between P2VP and PMSSQ (Figure 1A). A pyrolysis step at 400 °C under an
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inert atmosphere removed the PS-b-P2VP (see Figure S1 for thermogravimetric analysis data),
resulting in an organically modified silica dielectric matrix with spherical pores that had diameters of
12.2±3.0 nm, as shown in the top-view scanning-electron microscopy (SEM) images (Figure 1B). The
molecular weight of the PS-b-P2VP defined the sizes of these pores to values that are much smaller
than the wavelengths of terrestrial solar radiation (280~2500 nm). Hence, the nanoporous structure
can be effectively regarded as a homogeneous medium with an effective refractive index (n)
described by the Maxwell-Garnett model:[47]

(

)

( )

where Δp is the porosity of the structure, and nMSSQ and nair represent the refractive indices of the
PMSSQ matrix and air, respectively.
The small dimensions of the pores minimized scattering losses, thereby maximizing the amount of
direct sunlight that could be effectively focused onto the MJ cells. Simulations (COMSOL, Inc.) can
capture the dependence of scattering on dimensions for operation across the solar spectrum, as
shown in Figure 1C. The scattered field decreased rapidly to negligible levels for pore sizes below 50
nm, in a manner consistent with a reduction proportional to the sixth power of the size, as expected
in the Rayleigh regime (i.e., x ( 

d
) <<1 where d is the diameter of the pore and  is the


wavelength). For sizes comparable to the wavelength of incident light (i.e., d >100 nm), a transition
from Rayleigh to Mie scattering occured with characteristic oscillating behaviors, as solutions to
Maxwell's equations in the Mie regime take the form of an infinite series of spherical waves
represented by Bessel functions. The total amount of scattering (weighted against the AM 1.5G
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spectrum) also increased dramatically in this regime, from 0.034% for d = 10 nm to 44.2% for d = 300
nm. For all cases reported here, appropriate choices of the molecular weight of PS-b-P2VP yielded d
~ 12 nm in a very simple, but well-controlled process. Such dimensions in lithographically defined
structures, such as those required for sub-wavelength surfaces, would be difficult to achieve.
The properties of these nanoporous films were examined as coatings on flat substrates, with their
refractive indices and thicknesses controlled by PS-b-P2VP loading and solution concentration (and
spin speed), respectively (Figure S2). Figure 2A presents a cross-sectional SEM image of a single-layer
film (PS-P2VP loading ~40%, index ~1.2) on a Si wafer. The flatness, uniformity and pore-size
distributions of the film have been described elsewhere.[47] Calculations based on the transfer
matrix method[63-65] (see Experimental section for details) defined optimal values of the thickness (t)
and refractive index (n) for AR performance on a glass substrate across a broad solar spectral range
from 350 nm to 1.5µm, corresponding to the operation of a typical 3J solar cell. Figure 2B provides a
calculated contour plot of the average transmission (Tavg) from 350 nm to 1.5µm as a function of n
and t. A value of of Tavg > 98% can be produced when n = 1.15~1.31 and t = 85~200 nm. By selecting
the appropriate PS-b-P2VP loading, a film with features within this optimum range (n = 1.24, t = 122
nm), as measured by spectroscopic ellipsometry (VASE, J. A. Woollam Co.) was spin-casted (2000
rpm for 30 seconds) onto a glass substrate in both single-side and double-side configurations. Figure
2C shows the transmission spectra measured by a spectrometer (Varian Cary 5G) for a bare, flat
glass plate (black) and for glass with an nAR coating on one side (red) and on both sides (blue). The
results quantitatively correspond to simulation results conducted by the transfer matrix method
(Figure 2D). The measurements indicate that the double-sided case has a transmission (T) of 99.0%
at a target wavelength (600 nm, where irradiance peaks in the standard solar spectrum), significantly
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higher than that of bare glass (T = 91.7%) or of glass with a single-side coating (T = 95.0%). The
coated film showed a uniform thickness and index distribution, both of which are within the optimal
ranges shown in Figure 2B, as mapped by the ellipsometer measurement (Figure S3). The spectral
range of such single layer nAR coatings is, however, still narrower than that desired for operation of
advanced MJ cells. The double-layer nAR coatings described in the following section address this
issue.
For the bilayer coatings, transfer matrix calculations were used to determine the optimal values for
both the refractive index (n1 and n2, denoting the top and bottom layer, respectively) and the
thickness (t1 and t2) of each layer. Figure 3A presents a calculated contour plot of Tavg between 350
nm to 1.5 µm as a function of n1 and n2, when t1 = t2 =120 nm. The results indicate that Tavg > 99% is
possible when n1 = 1.08~1.22 and n2 = 1.23~1.39. The thicknesses of the two layers can be optimized
for fixed refractive indices (n1 = 1.15 and n2 = 1.31), as presented in Figure 3B. The optimal ranges
were calculated to be t1 = 100~180 nm and t2 = 90~160 nm. The formation of a double-layer film (n1
= 1.12, n2 = 1.34, t1 = 108 nm, t2 = 103 nm) began with the formation of a base layer (with a higher
index) using the procedures described above. Exposure to ultraviolet (UV) induced ozone then
produced –OH groups that improved the wettability of the film for spin-casting a MSSQ/PS-b-P2VP
precursor solution to define the top layer. Figure 3C provides the measured transmission spectra of
such double-layer nAR coated glass samples at normal incidence, with the data exhibiting excellent
agreement with simulated transmission data shown in Figure 3D. The data obtained from the singlelayer nAR coated samples have also been displayed in the same plot as dashed lines. As evidenced
by both the simulated and experimental results, a remarkably improved spectral coverage was
achieved with the double-layer configuration (measured Tavg = 98.2%) as compared to the single-
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layer one (measured Tavg = 96.1%). Such highly efficient transmission over a wide range of
wavelengths spanning the solar spectrum is suitable for use with MJ solar cells, as validated in the
last section of this paper.
The performance of these nAR coatings across a range of angles of incidence is important to their
use on lens surfaces in CPV modules. For instance, for the microlens arrays (f# ≈ 2) used in certain
commercial CPV modules (Semprius), sunlight with normal incidence strikes the edges of the optics
at an angle of nearly 40° (see Figure S4). For advanced hybrid CPV modules that enable the capture
of diffuse light[22], the effective angles of incidence could even exceed this value. Figure 4 presents
measured and simulated angle-resolved transmission spectra under unpolarized illumination for a
flat glass substrate with a double-sided nAR coating in both single-layer (Figure 4A and B) and
double-layer (Figure 4C and D) configurations. The experimental data were taken using an
ellipsometer, while the simulations were performed using the finite-element based method
(COMSOL Multiphysics software). Figure S5 shows the measured angle-dependent transmission of
the control sample without nAR coatings. Compared to the single-layer coatings, the double-layer
case offered increased angular bandwidth and improved transmission, as expected due to the
gradient refractive index profile of the nAR bilayer. For incident angles up to 40º, Tavg was ~98%
between 350 nm and 1.5 µm for the sample with the double-layer coating. The measured and
simulated angle-dependent spectral results for p- and s-polarizations are presented in Figure S6
(single layer) and Figure S7 (double layer), showing an insensitivity to polarization up to 40º. Such
angle- and polarization-insensitive properties of these nAR films arose primarily from very weak
optical interference effects due to a small index contrast between the nAR layer and the
air/substrate, thereby leading to a broad resonance with a poor quality factor (Q-factor). Although
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the resonant wavelength shifted slightly towards shorter wavelengths with increasing angle of
incidence, a typical observation in many cavity systems, the breadth of the resonance minimized
these effects. In multilayer AR coatings, strong optical interference effects can occur at certain
wavelengths, resulting in significant variations in performance with angle. In addition to the broad
resonance, the randomly distributed pores also promote angle-invariant characteristics as compared
to traditional AR schemes that use periodic structures, in which photonic resonances and/or
diffraction effects result from the periodic nature of these systems.[54, 66]
Applying nAR coatings to both sides of the primary plano-convex lens surfaces in a CPV
measurement set up (see Figure 5A) demonstrated their utility in this type of application. The
processing used the spin-coating and pyrolysis steps described earlier here, yielding sufficient
uniformity in film thickness to maintain the high-transmission performance observed on flat
substrates (see Figure S8). Figure 5B presents optical images of the samples with (top) and without
(bottom) the nAR coating on both sides, clearly showing that the coated lens exhibited notably
reduced reflections as compared to the bare lens. The PV performance characteristics measured
with a solar microcell 3J (InGaP/GaAs/InGaAsNSb, 1.9eV/1.4eV/1.0eV) under simulated AM 1.5G
solar irradiance (the experimental configuration is provided in Figure 5A, concentration ratio 50x)
shows a relative photo-current enhancement of 6.0% and 8.2% with the single- (n = 1.24, t ≈ 120 nm)
and double-layer (n1 = 1.12, n2 = 1.34, t1 ≈100 nm, t2 ≈ 100 nm) nAR coatings, respectively (Figure 5C).
These current enhancements matched well with the calculated transmission enhancements
measured on flat glass substrates (5.8% for single-layer coating and 7.1% for double-layer coating, as
weighted against the AM 1.5G spectrum). The slight difference can be explained by the slightly
higher Fresnel losses on curved lens surfaces and solar simulator spectrum/intensity variations.
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Based on the energy conversion efficiency (35.5%) of the CPV module (1000x) that employs the
same type of 3J cells[67], the absolute module efficiency gain is estimated to be 2.9% when applying
the double-layer coating on the large-area lens array.

3. Conclusion
A low-dielectric-constant AR coating material featuring a nanoporous structure composed of
subwavelength pores enabled tunable index of refraction, in single or multilayer coatings, with
excellent optical transmission properties and minimal light scattering. The index of refraction can be
tuned in the range between 1.1 and 1.4 by control over the sacrificial polymer loading. An AR coating
with a double-layer configuration and a gradient refractive index profile (n1 = 1.12, n2 = 1.34) on a
glass substrate (n = 1.5) led to transmission efficiency higher than 98% over a broad spectral range
from 350 nm to 1.5 µm, with high angular performance up to ±40º. Exploiting the double layer AR
scheme onto the curved surfaces of the concentrating optics in the CPV technologies led to an 8.2%
improvement in the current from the 3J microcells, translating to a nearly 3% enhancement in the
absolute CPV module efficiency. This approach has the potential to produce substantial performance
enhancements in a wide variety of applications, including light-emitting diodes, solar cells, geometric
optics and display components. Future work focuses on the development of low temperature
processing procedures as well as fabrication methods (e.g., aerosol spray) that would enable
applications onto large area or highly curved surfaces (e.g., ball lens) with high throughput and
uniformity.

This article is protected by copyright. All rights reserved.
12

Experimental Section

Nanoporous Anti-reflection Coating fabrication: The single layer nAR films were prepared
by dissolving PS-P2VP and PMMSQ mixtures in tetrahydrofuran (THF) and spinning onto precleaned substrates (Si wafer, coverslip glass or lens) at 2000 rpm for 30 s, where the film
refractive index was controlled by PS-P2VP loading and the film thickness by solution
concentration, respectively. The coated substrate was then baked in a tube furnace with
flowing N2 first at 120 ºC for 3 hr, then ramped to 350 ºC for 1 hr, followed by 400 ºC for 3
hrs before slowly cooling down to room temperature. The ramp rate was set to be 1 ºC/min.
For double layer coatings, after the fabrication of the bottom layer, the surface was treated
with ozone using UVOCS for 2 min before spinning the top layer to ensure proper adhesion.
The PMSSQ in the bottom layer switched from hydrophilic to hydrophobic after curing,
which also hinders the infiltration of the top layer solution during fabrication and prevents
the infill of the bottom layer pores. SEM images of the nAR films were obtained on Helios
600i and JOEL 7000 FE Scanning Electron Microscopes.

Optical simulations and characterizations: Optical simulations to explore scattering
properties and angular dependence of the nanoporous structure were carried out using
finite-element method (FEM) with the commercial COMSOL Multiphysics software. A
scattering boundary condition was used for both surfaces of incident medium and a
substrate, while a periodic boundary condition was used for side surfaces of the nanoporous
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structure. In order to absorb multiple reflections and transmissions, the effective simulation
domain of the entire structure was circumscribed by a perfectly matched layer (PML). The
scattering was calculated by integrating the outward-going far-field time average scattered
power through a closed surface surrounding a nanoporous medium. Two different built-in
mesh parameter sets in COMSOL Multiphysics were used when meshing the entire
geometry. For a porous medium with subwavelength features, Extremely fine was used to
mesh the geometry ensuring that the mesh size is much smaller than the nanopores,
whereas Normal was used for the rest of media that are homogeneous and isotropic.
Optimal ranges of the refractive index and the film thickness for single- and double-layer nAR
coatings were calculated by using the transfer matrix method, based on Maxwell equations and the
continuity of the electric field parallel to the boundaries between two homogeneous media with
different refractive index. Given the electric field at the end of the first medium (E1+ and E1-, “+” and
“-” denotes two propagation directions), the electric field at the end of the second layer (E2+ and E2-)
can be simply derived through a simple matrix operation, where both interface reflections and
propagation through the second medium are represented by two separate 2 2 matrices (D12 and P2,
respectively, E' denotes the electric field at the start of one medium):

(

)

(

)

(

)
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The electric field after a stack of layers (E'N+ and E'N-, where E'N- = 0) can then be calculated by
multiplying the individual layer matrices:

(

)

(

(

)(

)

(

)

(

)

(

)

)

The reflection (R) and transmission (T) of the whole structure can then be obtained by the following
equations:

|

|

|

|

|

|

|

|

Spectral transmittance curves at normal incidence were measured by using

a spectrometer (Varian Cary 5G). The angle-resolved transmission spectra were obtained by
a Focused RC2 spectroscopic ellipsometer (J. A. Woollam Co.). Refractive index and
thickness of the nAR layers were determined by using ellipsometers (VASE and Focused RC2,
J. A. Woollam Co.).
PV performance of the microscale 3J cell was characterized with a Keithley 2400
sourcemeter. The illumination source was an Oriel 91192-1000W Solar Simulator with an
AM1.5G filter (calibrated to one sun, 100 mW·cm-2). The concentrating optic used was an N-
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BK7 plano-convex lens (LA1102, Thorlabs, D = 30.0 mm, f = 50.0 mm), with or without dualside nAR coatings. The position of the lens was accurately adjusted by a x-y-z manipulator to
ensure proper optical alignment.
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Figure Captions
Figure 1. (A) Schematic illustration of the formation of nanoporous, organically modified silica films:
core (P2VP, blue)-shell (PS, red) polymer spheres were formed in the PMSSQ matrix (yellow) before
being removed during a pyrolysis step to create the nanoporous structure. (B) A top-view SEM image
of a single-layer nanoporous film (Brighter region represents the PMSSQ matrix). (C) Simulated
scattering for light transmission through such films as a function of characteristic pore diameter.
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Figure 2. (A) Cross-sectional SEM image of the fabricated single-layer nanoporous film. (B) Calculated
contour plot of the transmission averaged from 350 nm to 1.5 µm for a single-layer nAR film as a
function of the refractive index and the thickness. (C) Measured and (D) simulated transmission
spectra of a single-layer nanoporous coating at normal incidence for bare (black), single-side (red)
and double-side (blue) cases.

Figure 3. Calculated contour plots of the average transmission as a function of (A) refractive indices
of bilayers at fixed thicknesses of t1 = t2 =120 nm and (B) thicknesses at fixed refractive indices of n1 =
1.15 and n2 = 1.31. (C) Measured and (D) simulated transmission spectra of double-layer nanoporous
coatings at normal incidence for bare (black), single-side (red) and double-side (blue) cases. For ease
of comparison, this plot also includes results for the single-layer coating.

Figure 4. Measured and simulated angle-resolved transmission spectra of single-layer (A, B) and
double-layer (C, D) nanoporous coatings under unpolarized light illumination. Optical properties of
the nanoporous film were only weakly sensitive to angle of incidence up to 40º. The spectral range
of operation increased with the introduction of an additional layer (i.e., bilayer configuration) with
optimal refractive indices.
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Figure 5. (A) Schematic illustration of incident light focusing onto a 3J solar cell through a primary
plano-convex lens. (B) Optical images of a plano-convex lens with (top) and without (bottom) nAR
coatings on both sides, revealing the suppression of reflections in the former case. (C) PV
performance of the 3J solar cells (InGaP/GaAs/InGaAsNSb, 1.9eV/1.4eV/1.0eV) without (red) and
with single-layer (green) and double-layer (blue) nAR coatings. The relative enhancement in shortcircuit current was 8.2% for the latter case.
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Low-index nanoporous materials exploiting optimized chemistries and self-assembly processes were
demonstrated, with over ~98% of transmission efficiency and angle-/polarization-insensitivity up to
±40° over a broad solar spectrum range. Applying such nanoporous anti-relfection coatings onto the
optical elements in a concentration photovoltaic (CPV) platform led to a relative improvement of ~8%
of in PV conversion efficiencies.
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