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Abstract — Immersion graded refractive index optics enable
passive optical concentrators, but also present challenges in
design, fabrication, and integration. In this paper, we describe two
simple and scalable fabrication techniques and report on the
performance of prototypes. We present two tileable designs and
demonstrate a passive concentration of 3 Suns.
Index Terms — solar energy, optical device fabrication,
photovoltaic cells, polymers, glass, optical arrays, ray tracing,
optical coupling, optical metamaterials, optical design.

I. INTRODUCTION
The master equation for solar concentrators (1) shows that
immersion optics enable passive optical concentration by a
factor of the square of the index of the output aperture due to
the fact that higher brightness can be achieved inside a high
refractive index (RI) material. This has led to the use of high
index di-electrics in concentrators [1, 2, 3]. Mathematically, the
concentration (C) in a 3D concentrator is expressed [4]:
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where A and A’ are the areas of the input and output apertures,
RI and RI’ are the input and output refractive indices, Φ and Φ’
are the input and output acceptance half angles. In solar
concentrators, the input refractive index is unity (air) and the
output half angle is 90⁰, so the equation reduces to 𝐶𝐶 =
{𝑅𝑅𝑅𝑅′⁄𝑠𝑠𝑠𝑠𝑠𝑠Φ}2 .
In most practical designs, the input angles span much less
than 90⁰, so concentration can be achieved without change in
index from input to output. The limited acceptance angle range
is the basis of passive solar concentrators that do not use highindex materials in optical contact with the solar cell, while we
are focusing on concentrators that accept all angles, so the
maximum concentration is given by 𝐶𝐶 = 𝑅𝑅𝑅𝑅 ′2 .

Fig. 1. Immersion graded index system concept. The concentrators
can be used as single elements to reduce the amount of PV material
that is needed, or as arrays with space for integrated circuitry and
cooling.

The immersion graded index concentrator concept is
illustrated in Fig. 1. The optics have reflective sidewalls and are

graded from unity on the input to an output RI that is higher
than the input RI but lower than the RI of the photovoltaic (PV)
material, because of the available transparent high-RI materials.
It is necessary to have good optical contact between the
concentrator and the PV solar cell, which should also have an
Anti-Reflection (AR) coating designed for the transition from
the output RI of the concentrator to the PV. In our concentrator
designs, the RI is continuously increasing from input to output,
while the area (A) of the concentrator is decreasing such that:

∫
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where x and y are the transversal coordinates, z is the axial
coordinate, A is the cross sectional area, and R(x,y,z) is the
refractive index of the concentrator. For a rotational symmetric
structure of radius w(z) and a RI that is only a function of z, this
simplifies to
(3)
RI ( z ) w( z ) = const
With (2) fulfilled, the number of electro-magnetic modes is
constant along the height of the concentrator at each z plane,
which in itself is not sufficient to ensure concentration. It is
easy to find examples of structures that fulfill (2), but fail to
concentrate light due to reflections from the sidewalls. Most
structures with jagged or discontinuous sidewalls will fall in
this category. The design challenge is therefore to find a
concentrator shape that allows the electro-magnetic modes of
one layer to effectively couple to the next layer without
unacceptable reflections. The technological challenge is to find
fabrication methods to achieve a sufficiently smooth grading of
the optical materials such that excessive reflections are avoided.
II. DESIGNS AND SIMULATIONS
We have investigated two design variations: a pyramid of
stacked glass flats, and a cluster of cones that are filled by
polymer layers of different RI (Fig. 2). In both designs the
sidewall variation is linear and the RI is stepped to
approximately fulfill (2). The pyramid of stacked flats has a
square cross section and is therefore tileable. Cones are not
tileable, but by allowing them to overlap on the input, we
achieve 100% fill factor, as seen in Fig. 2b.
Ray tracing (FRED) was used to optimize and verify the two
designs we fabricated. In the ray tracing simulations, parallel
rays entered the concentrator, bent in the graded index material,
reflected off the sidewalls, and reached the output detector. A
performance script was written to give integrated power on the
detector relative to the input power, by adding the power of
each ray that reached the detector.
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Fig. 2. Geometry of pyramid with square cross section (a). Cluster
of cones with overlapping inputs (b).

The scale invariance of the law of reflection and the raytracing equation, show that the concentrator designs are scale
invariant, so all designs can be linearly scaled in the ray tracing
limit. For a given concentration value, ray tracing shows that a
1:1 aspect ratio of input diameter to height of the concentrator
provides a good compromise between efficiency and making
the device as thin/short (lighter and cheaper) as possible.
III. EXPERIMENTAL VERIFICATION
The pyramid was constructed from 8 layers ranging in RI
from 1.51 to 2. Polished layers of glass of similar thermal
expansion but with different indices (1.51, 1.65, 1.76, 1.80,
1.85, 1.88, 1.96, and 2.00) were stacked so as to have a gradual
index increase. A thin glue layer was included between the
layers to ensure optical contact and improve mechanical
strength so that the stack could withstand machining to cut the
pyramid shape. The thicknesses of the glue layers were
estimated by measuring the fringe pattern in the reflected light
(observable by careful inspection of Fig. 3a). Based on the
interference patterns, we estimated that the gap was about 0.84
microns.
The input aperture of the pyramid is 14.5mm square, and the
cross section was linearly graded over a height of 9mm down
to 8.5mm square, i.e., a 3X concentration. The sidewalls were
coated with Aluminum to increase reflectivity. The picture of
the pyramid without sidewall metal (Fig. 3a) clearly shows the
different RI layers, and the brightness of the picture shows that
the uncoated pyramid reflects a lot of light. Distinctly different
is the pyramid with Al sidewalls and an absorbing output (Fig.
3b). This pyramid now looks very dark as it has absorbed all
the input light, and there are minimum back reflections,
demonstrating the concentration effect.
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Fig. 3. Photographs of concentrator pyramid before (a) and after
sidewall metallization (b).

The concentrators were tested using a polarized HeNe Laser
at 632.8nm wavelength. The beam was expanded to a diameter
of about 22mm so that the beam overfilled the pyramid with an
input square with diagonal 20.5mm and the cluster with an
input diameter of about 20mm. The concentrators were
mounted flat onto a Si single junction photodetector mounted
on a rotational stage. The readings from the detector were
measured at different incident angles (0⁰ to 90⁰, at intervals of
5⁰) on the concentrator to evaluate the power reaching the
output i.e., efficiency, as a function of angle. In the graphs the
output is plotted as normalized transmission. The normalizing
factor is the detector signal measured with the same intensity at
normal incidence directly incident on the detector through an
aperture equal to the input aperture of the concentrator.
In characterizing the glass pyramid performance, care was
taken to establish optical contact between the pyramid and the
solar cell detector using an index matching liquid with RI of
1.7. This value was not ideal but chosen because index
matching liquids with higher values are not very transparent
and are also corrosive to the high index glass of the pyramid at
the output. The losses at each intersection in the layered
structure were taken into account by including the indices of the
glass layers and thicknesses in the simulation. There were
further losses at the very critical interface between the pyramid
and the detector. Light left the pyramid from the last glass layer
of RI 2, then entered the index matching liquid, then the epoxy
protection on the solar cell, and then the silicon material of the
detector with RI 3.5.
Ray tracing simulations of the pyramid concentrator
performance are shown in Fig. 4, together with experimental
results. At normal incidence, the simulation predicts a
transmission of about 0.83, including the loss at the output
surface by going from an RI 2 (last layer of the pyramid) to a
0.2 micron index matching layer of RI 1.7 back to index of 3.5
(silicon). In comparison, the highest transmission
experimentally measured at normal incidence on the pyramid is
about 0.72.

Fig. 4.

Glass pyramid performance 3 Sun concentration.

The second design was a cluster of 7 cones with overlapping
input apertures. To simplify testing, the cones were constructed
as back-to-back concentrators, i.e., the optical field was

concentrated through a more confined intermediate aperture
and then allowed to expand back to the size of the input
aperture. This type of test structure, in which the PV does not
have to be in optical contact with the output, greatly simplifies
the measurements.
Each cone had an input diameter of 7mm, output diameter of
4mm, and height of 10mm, which made the height of the backto-back hourglass 20mm. Due to the overlap at the input, the
concentration was not 72/42 =3.062, but 3.002 after subtracting
the overlapping areas of the 7 circles. The cluster was fabricated
by creating molds by reaming cone-shaped cavities in
Aluminum. The sidewalls of the cavities were polished to make
them optically reflective. The graded index was made by filling
the mold with transparent optical polymers of RI 1.46, 1.51,
1.52, 1.54, 1.56, and 1.625 until half the mold was filled. Then
the filling of the second half of the mold progressed in reverse
order. A simpler design of 10 layers (omitting the RI=1.625
layers, which require curing in an inert atmosphere) was also
fabricated. Each layer was cured separately, but as new layers
were deposited they contained solvents that might lead to some
mixing at the boundary between the cured and the newly
deposited layer. The actual RI profile might therefore be
smoother than the RI steps mentioned above.
The normalized transmission through the polymer cluster
shows a roughly sinusoidal modulation in the transmission
through the immersion concentrator. This oscillation effect is
likely due to interferences in the layered structure of the
concentrator and the passivation layer on the detector. The
modulation is more pronounced with a single wavelength than
with broadband illumination, which is indicative of interference
effects.
It is noteworthy that the cluster results (blue line with square
symbols) followed the theoretical maximum quite well over the
full angular range. The cluster filled with 12 layers performed
better than the 10-layer structure as expected. In the 12-layer
concentrator, a larger number of polymers were used to make
the graded index material than the 10 layer one, and hence the
structure had thinner layers and higher total change in RI,
enabling better performance.
Comparison between simulations with back reflections and
experimental results in Fig. 4, and between the pyramid (Fig. 4)
and the cluster results (Fig. 5), highlights the importance of
optical contact between the output and the detector i.e., need of
a true optical immersion arrangement.

Fig. 5.

Polymer cluster performance 3 Sun concentration.

IV. CONCLUSIONS
The glass pyramid and the polymer array not only
demonstrated a passive concentration of 3 Suns and followed
the cosine theta theoretical maximum across all incident angles,
but also provided an inexpensive, tileable, and robust system
design. This type of a concentrator is efficient in diffuse light
due to the wide acceptance angle, which is significant as the
sunlight reaching us is seldom direct. The testing of the pyramid
highlighted the importance of optical contact (i.e., a gradual
channeling of light without air gaps or low index layers)
between the concentrator and the solar absorber. The results
also show that a stepped approximation to the ideal gradient
index distribution yields results that are close to the theoretical
maximum.
Evolution of these basic structures into more sophisticated
designs involve a radial as well as an axial index gradient, a lens
top surface, and an optimized side wall profile with space in
between for circuitry, contacts, and cooling. These
concentrators can be used as passive single elements or arrays
to capture the cosine theoretical maximum light (as
demonstrated in the results here), or as higher concentration
value optics (still having very high acceptance angles) used
with simple tracking mechanisms that only move a few times a
day, reducing the accuracy requirements and complexity of
tracking. Immersion graded index technology can change the
way we concentrate and couple light (applications also in
illumination, laser coupling and, displays); and the
concentrators can change the economy and adoption of solar
power.
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