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ABSTRACT

Significant efficiency increases in photovoltaic power conversion are due to improved absorption over the broad
spectrum of the sun. Semiconductors have an efficiency peak at a specific wavelength associated with the material
band gap. The current trend towards high-efficiency photovoltaics involves multi-junction cells where several
semiconductors are grown on top of one another creating a layered device with a broad spectral response.
Fabrication is a difficult and expensive process that results in small area solar cells. An alternative approach uses
dielectric mirrors to optically separate the incident light by reflecting one spectral band while transmitting another.

Spectral splitting is simulated within a 10x non-imaging concentrator. The optical system may be concatenated into
large arrays and incorporates two separated ray paths exiting at a common plane. Optimized photovoltaic cells can
be interleaved on a single circuit board, improving packaging and thermal management compared to orthogonal
arrangements. The entire concentrator can be molded from glass or acrylic and requires a dichroic coating as the
only reflector. Average collection efficiencies above 84% are realized within 40°x16° angular acceptance.
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1. INTRODUCTION

The need for clean, renewable energy has placed enormous attention on solar power to provide the world’s energy,
despite currently supplying only 0.1% of generated electricity'. Two approaches of power generation aim to utilize
either the sun’s thermal energy or photon energies to excite the photoelectric effect in semiconductor materials.
Photovoltaics (PV) can provide point-of-use power eliminating large scale distribution problems and expenses.

Photovoltaic cells are commonly connected into large area, rigid solar panels used to cover upward-facing rooftops.
These systems require large volumes of high-purity mono- or polycrystalline silicon and provide power conversion
efficiencies well below 20%. The high material cost and low output levels elevate the cost per Watt to over $5
which is currently four to five times higher than grid-based power generation'.

Tandem and multi-junction PV cells are constructed by layering semiconductors with different absorption
characteristics to convert a larger portion of the incident solar spectrum. These devices can achieve efficiencies
above 40%, however are small in physical area and cost orders of magnitude more than simple silicon cells’. Multi-
junction solar cells hope become cost effective by using concentrating optics to capture large areas of illumination
and increase the flux onto small areas.

The geometric concentration ratio is defined as the incident illumination area divided by the area of the absorber.
Solar concentrators are classified into three regimes: high concentration (>100x), medium concentration (>10x) and
low concentration (<10x)’. The highest efficiency solar cells reach their peak performance under high
concentration, but require strict alignment to the sun accuracy and intense cooling arrangements. Low concentration
optical geometries have significant benefits since cell performance improves under increased flux®, less
semiconductor material lowers cost and solar tracking is not necessary.

A significant portion of cost for multi-junction cells comes from the difficult fabrication involving the layered
growth of several materials with different lattice constants. Strain and interface defects reduce the yield and overall
performance of the cell’. Solar splitting can also be achieved using dichroic mirrors which appear transparent for
certain wavelengths and reflective at others. Designing dichroics into the already required concentrator incorporates
various single-junction PV cells of differing materials instead of complicated, multi-junction cells. The proposed
optic has the unique ability of using two dichroic reflections to provide 10x concentration onto interleaved PV cells
placed on a common circuit board. The structure is cascaded into an array aiding in packaging and thermal
management.
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2. SPECTRAL SPLITTING

The sun is a 5760K black body radiator depositing an average of 1372 W/m2 on the earth’s surface’. The
atmosphere causes specific ultraviolet and infrared spectral nulls due to absorption and scattering from water vapor,
ozone, CO,, clouds and dust. 97.5% of the resulting spectrum exists between 380nm and 2130nm®. The PV
material should maximize its response to this very broadband illumination. Unfortunately, the photovoltaic effect
requires specific photon energies above the material band gap to generate a photocurrent. Photons greater than the
band gap contain too much energy and lead to excess heat from phonons while low energy photons cannot generate
electron-hole pairs. This makes PV materials truly efficient at only one specific wavelength.

The solar spectrum has an irradiance peak at 885nm, corresponding to an ideal 1.4eV material band gap®. Silicon is
the most widely-used PV material, though has a band gap of 1.12eV shifting its absorption further towards lower
energy infrared photons. III-V semiconductor compounds such as gallium arsenide (GaAs) with 1.42eV band gaps
are better suited for single-junction solar cells, but provide only modest efficiency gains over silicon and add
significant material costs".

Since the incident illumination spans 0.5-3eV, several semiconductor materials can be used in tandem to effectively
convert a large portion of the incident illumination. This is the motivation for multi-junction solar cells which layer
different band gap semiconductors to form a composite, high-efficiency PV cell. Double-junction, or tandem
devices have demonstrated efficiencies over 35%  while triple-junction cells hold the current record of 40.7%".
Multi-junction cells are very expensive compared to crystalline silicon due to the complicated growth necessary for
lattice matching, buffer layers and terminal connection. The devices are typically small in area and are used in space
applications where collection area is limited and conversion efficiency is paramount.

Spectral splitting is an alternative approach using dichroics to separate sunlight bands instead of tunneling seen in
multi-junction cells. Filters formed using thin-film dielectrics can be designed to transmit a specific spectral band
while reflecting another. Hot mirrors are commercial examples passing visible light while reflecting infrared.
Optically splitting incident sunlight allows the use of different, single-junction devices, eliminating fabrication
concerns associated with lattice matching and tunnel junctions.
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Figure 1: Multi-junction PV cells grow several different semiconductors on a common substrate material to respond to the solar
spectrum (a)”. Dichroic mirrors can be used to spectrally split and direct sunlight onto monolithic PV cells (b).
*Spectrolab CIMJ_CDO-100. http://www.spectrolab.com/prd/terres/cell-main.htm

The optical geometry and design of a two band, solar splitting concentrator comprises the main area of focus.
Creating more than two distinct ray paths within a common optic leads to unnecessary concentrator length and
complexity, requiring multiple dichroic mirrors. Optimized single-junction or multi-junction PV cells can be placed
at the exit aperture of the device to maximize solar absorption.
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