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The concept of improving the infrared absorption of wide band-gap-materias by the insertion of impurities
with energies located in the band-gap, the so-caled impurity photovaltaic effect (IPV), is an nteresting
option to increase the efficiency of solar cdls. However, the introduction of impurities into a solar cell
materid has dso a mgor disadvantage. From detailed baance follows that the additiona generation
channd for eectron hole pairs aso represents an additiond recombination channdl. A problem inherent in
an IPV-sysem is that not only the additional dectron hole pairs, which are gained by the insertion of
impurities, are affected by the additiond recombination channd, but al eectron hole pairs.

We present cdculations on the theoretica efficiency limit of an dternative gpproach to improve the
utilisation of infrared photons by a photovoltaic system, which involves the up-conversion of sub-band-gap
light.

The up-conversion solar cell system is schematicaly represented in Fig.1. It isbased on a
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conventiond bifacid sngle junction solar cdl. The second main dement of the system is the up-converter,
which partidly transforms the sub-band-gap photons transmitted by the solar cdll into high-energy photons.
The up-converter is eectronicdly isolated from the solar cell and located behind it. A perfect reflector is
located at the rear surface of the up-converter.

Contrary to second harmonic generation or Smultaneous two- photon absorption, up-converson involves a
sequentid excitation of eectrons into an excited Sate via a red, lower-lying metastable excited sate. A
schematic energy-leve diagram of such an up-converter is shown in Fig.2.

It conggts of amateria with a band-gap equd to or larger than the band-gep of the solar cdll and contains
intermediate levels (IL) with energy E above the valence band edge. Similar to the processes in an IPV-
solar cell the absorption of sub-band-gap photons in the up-converter leads to the generation of eectron
hole-pairs viatrangitions from the vaence band into the IL and from the IL into the conduction band.

A fraction of the excess éectron hole pairs generated inside the up-converter recombines via radiative



band to band-trandtions (solid arrow in Fig.2), which is accompanied by the emisson of photons with
energies above the band-gap. The absorption of these photons leads to an additionad generation rate of
electron hole pairsin the solar cell.
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One advantage of this system is that no additiona recombination channd is introduced into the active solar
cdl materid in contrast to an IPV-solar-cdl. Radiative (and in a nonrided system dso nontradiative)
recombination of eectrons and holes via the intermediate leve is possble only insde the up-converter.
Another advantage is that in our sysem the materids of the up-converter and of the solar cdll can be
optimised independently. An optimised up-converter might be stacked behind any existing bifacia solar
cdl, potentidly increasing its efficiency.

Furthermore photon sdectivity can be achieved in our proposed system by limiting the width of the bands
in the up-converter as shown in Fig.2. Contrary to an IPV solar cdll this restriction of the bands does not
result in a reduced photocurrent as the high energy- photons can till be absorbed in the solar cell in which
the widths of the bands are not limited.

The maximum efficency of the up-converson sysem is evauated for different illumination conditions usng
detailed bdance cadculations. Maximum concentration of sunlight can be redised either by redtricting the
effective externd s0lid angle into which luminescence can be emitted (minimum emisson case) or by
focussing the sunlight onto the surface of the solar cdl with an infinitdy extended lens (maximum
concentration case). Interestingly these two stuations yidd different limiting values for the efficiency of our
system.

The highest efficiency is obtained in the minimum emisson case. For a band-gap of 1.955 eV and an
energy of the IL at £=0.713eV the maximum efficiency achievable with equa band-gaps of the solar cell
and of the up-converter is 63.17%. The maximum-efficiency for the maximum concentration case is dightly
lower. For Eg=1.86 eV and an IL at E;=0.667 eV amaximum efficiency of 61.40 % is cdculated.



