PHOTOVMOLTAIQUE

2 and 3D opto-photovoltaic systems

Double-pane photovoltaics

and solar towers

The latest evolution in the development of photovoltaics is
their integration into buildings, termed building-integrated
photovoltaics (BIPV). In this paradigm, various architec-

tural elements become bi- or multifunctional, such as load-

bearing structures, lighting, thermal and acoustic
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insulation, electrical elements, etc. In this context glass can play a pivotal role as
an “intelligent” multifunctional material. The primary consideration in the fabri-
cation of such glass is that it be transparent to wavelengths that can be effi-
ciently converted by photocells [11].
This article presents several technologies developed and patented by the Labo-
ratoire de Physique du Rayonnement et de la Lumiére (LRPL). This technology
combines specific doping of organic or inorganic glass with novel architectural
arrangements to increase the photovoltaic conversion efficiency. Glass is thus
promoted from a simple encapsulation material to a vital photovoltaic compo-

nent.

THE LIGHT CASCADE
PRINCIPLE

Consider a host material doped with
organic or inorganic optically active
substances (OAS), in the form of
either solution or dispersion. By ex-
ploiting the optical activity of these
dopants, the light cascade (LC) prin-
ciple makes it possible to convert a
significant portion of the incident
electromagnetic spectrum into wave-
length bands that are most efficiently
absorbed by photocells.

This transfer of energy is based on
the absorption of incident energy at a
wavelength A, followed by re-
emission at A,. Applying this basic
conversion step sequentially leads to
a cascade effect that shifts the inci-
dent wavelength to the desired wave-

length In that is then added to the
incident energy within this desired
wavelength band for which the pho-
tocell is most efficient. For A; <A,
this energy transfer process corre-
sponds to Stokes shifted fluores-
cence. It is also possible to create
anti-Stokes systems in which several
photons are absorbed prior to re-
emission at a higher energy (A, > A,).
This concept of spectrally adapting
the incident energy before it arrives
at the photocells was patented by the
LPRL in 1974 [1], following which
we rapidly extended the idea to light-
concentrating systems and to multi-
molecular systems with diverse ge-
ometries [2]. Similar concepts have
been developed, notably by Pr. Adolf
Goetzberger et al., who founded the

first European solar institute, and
was honored as inventor of the year
in 2009.

PRIMARY CONSEQUENCES

Applied to photovoltaics, the light
cascade principle optimizes the light-
matter interaction by shifting a maxi-
mum amount of the Sun's incident
energy into the wavelength band of
maximum conversion efficiency for
the photocell. At 365 and 440 nm the
conversion efficiency of photocells
is only 25% to 50% of the maximum
efficiency, so higher frequency pho-
tons are more likely to be trans-
formed into thermal energy, which
serves only to heat the photocells,
which in turn further diminishes the
conversion efficiency. Above 10 °C,
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Figure 1: principe de fonctionnement d'une cascade lumineuse photovaltaigue.
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As a host material we use poly- 2 I ' ~ P
methylemetacrylate (PMMA) which [ ] .| / O e s
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and optical qualities and in the nu-
clear power industry for its stable
physical-chemical properties. In the
nuclear power industry PMMA is
used in scintillation devices, for
which it is doped by optically active
molecules (OAMs). Typical OAMs
are cyclic aromatic hydrocarbons, for
which the number ¢ of aromatic rings
determines the absorption and
Stokes-shifted emission wavelengths.

The OAMs are chosen so that the
emission band of one corresponds to
the absorption band of the next, so
that the net result is a shift from an
incident wavelength to a desired final
wavelength. Using these concepts,
we have fabricated light cascade
modules for which the PMMA emis-
sion spectrum corresponds to the
wavelength band of peak photocell
conversion efficiency (red and near
infrared).

The conversion efficiency of these
light cascade materials depends on
the intrinsic characteristics of the
host material (e.g., PMMA) and of
the OAMs doped into the host. These
latter must be added in concentra-
tions inversely proportional to their
molecular weight to avoid self-
quenching effects. The optimization
of these and other parameters have
been the object of extended research
efforts by LPRL.

SYNERGY

Once the problem of heating by ther-
malization of photons is overcome by
shifting UV and 440 nm light toward
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shifting UV and 440 nm light toward

the red and near infrared, several

effects combine:

e  The frequency shift of the su-
pra-visible photons toward the
absorption band of the photo-
cells leads to the creation of a
larger number of carriers. This
effect also eliminates the “hot-
spot” phenomenon.

e For initial trials, homogeneous
host matrices were used to opti-
mize the conversion efficiency
(see Fig. 2). In this design, the
photocell cover is fabricated
from sequential layers of doped

PMMA, with each layer target-
ing the conversion of a specific
wavelength band. Compared
with theory, however, this archi-
tecture results in a 50% loss per
layer, so heterogeneous host
matrices were used instead (the
theoretical justification for this
is given in the next section). In
fact, using single layers doped
with a complementary blend of
OAMs is more effective and
much simpler than using multi-
ple homogeneous layers. For
single heterogeneous layers,
thermodynamic or ray-tracing
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Figura 2 : intaraction des MOA (melécules aptiguamant actives) dans une cascade luminause,
L— Les spectres d'émission des unes correspondent aux spectres d'absorption des autres pour
abtenir un décalage de fréquance dans la banda de longueur d'onde datarminée.
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models can give a quantitative
understanding of the problem.

e  Although the frequency shift is
the primary function of the
light-cascade material, the tech-
nique also leads to more effi-
cient capture of diffuse radiation
that does not come in a direct
path from the Sun, thus further
increasing photocell perform-
ance.

ADAPTING THE SOLAR SPECTRUM TO THE
SPECTRAL RESPONSE OF Si OR POLYCRYS-
TALLINE SOLAR CELLS

It is thus advantageous to concen-
trate the incident spectrum into the
photocell's absorption band to maxi-
mize the photocurrent. The useful
solar spectrum is defined by its over-
lap with the absorption spectrum of
the photocell, which is typically opti-
mum near 700 to 800 nm.

Therefore the useful portion of the
solar spectrum can be enlarged by
shifting the UV part of the solar
spectrum toward these red wave-
lengths. LPRL has developed light
cascade technology permitting the
transformation of high-frequency
photons (250 to 600 nm) to low-

frequency photons (600 to 700 nm),
which has been used for commercial
applications in France and in the
USA. These solar cells, fabricated
from organically-doped PMMA,
achieve 25% improvements in
photocurrent.

A PHOTON’S ROUTE THROUGH A LIGHT CAS-
CADE MATERIAL

Research by the LPRL has demon-
strated frequency shifts in passive
materials, which forms the basis of
the light cascade technology. This
technology is accompanied by other
opto-electronic phenomena that, un-
der certain conditions, contribute to
further improving photocurrent. For
example, the re-emission of light at
wavelengths Ay, Ay, ..., A, over 41
steradian and the wave-guiding ac-
tion of the host matrix layer leads to
an improved conversion of the al-
bedo throughout the entire spectrum
addressed by the light cascade mate-
rial.

Among other things, this allows
photons that would not be directly
incident on the encapsulated photo-
cell to be captured, converted, and
ultimately to generate photocurrent.

In addition, in certain designs, secon-
dary, monochromatic light can be
concentrated within the host matrix
by waveguiding principles and deliv-
ered to a slice of a photocell, with
the final intensity at the photocell
being larger than the initial, orthogo-
nal intensity at the given wavelength.

This capacity to efficiently collect
light incident far from normal means
that light cascade photocell systems
do not need to be equipped with so-
lar tracking systems.

ACTIVE OPTICAL ENCAPSULATION AND PHO-
TON/OAM INTERACTION

The matrix materials for light cas-
cade elements are characterized by
high transmission in the visible and
the infrared. The OAMs are chosen
so that the emission spectrum of one
overlaps the absorption spectrum of
another, which permits by sequential
absorption and re-emission the shift-
ing of a significant part of the solar
spectrum into the wavelength band
of interest (e.g., 250 to 800 nm).

Consider radiation of a given wave-
length A;—1 that is within the absorp-

tion band of an OAM;, and that is
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within the absorption band of an
OAM;j, and that is absorbed. The pho-

tons that excite OAM; via absorption
are thereby eliminated from the inci-
dent radiation field, and OAM,; is
promoted to an unstable, higher-
energy electronic state. OAM; re-
mains photo-excited on the order of
107" to 10 s (s to ns), during
which time it relaxes toward the
ground state via several pathways,
one of which is radiative emission
(e.g., Stokes shifted fluorescence).
The photons emitted by this process
correspond to the absorption spec-
trum of OAM i+, chosen because its
absorption spectrum corresponds to
the emission spectrum of OAM;.
Thus, one OAM can absorb either the
incident solar radiation directly, or
can absorb secondary radiation that

SIGNIFICANT GAINS IN PHOTO-
VOLTAIC EFFICIENCY

One of the first applications of the
light cascade concept is to tune the
solar spectrum to match the spectral
response of photocells. The light
cascade material can be integrated
into the photocell encapsulation de-
sign, or can be applied in film form
over glass.

POLYMETHYLMETHACRYLATE (PMMA)

The light cascade effect has been
successfully achieved from the view-
point of both conversion efficiency
and photostability by doping PMMA
with OAMs. Solar panels fabricated
using this technology have a life
time of over 10 years, and satisfy the
standard NFC 57100 and the Ameri-
can standards set by the US Depart-
ment of Energy and the Jet
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Propulsion Laboratory. These solar
panels have conversion efficiencies
20% to 40% greater than conven-
tional panels, depending on the me-
teorological conditions, for panels
with an active area that is 75% of the
total surface area. The light cascade
solar panels are particularly efficient

under diffuse lighting conditions
(i.e., cloudy days), which makes
them attractive for use in regions
with limited direct sunlight.

LC TECHNOLOGY APPLIED TO GLASS
The LPRL and its collaborators
have adapted the light cascade

technology for use on glass products.
Figure 7 presents several items that
associate glasses with the light cas-
cade technology.

EXTENDING THE USE OF LC
TECHNOLOGY

The LPRL has worked with several
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material by spray or lacquer. The
LPRL is currently studying the inte-
gration of light cascade materials into
systems with specific optical func-
tions, notably dichroic filters. Associ-
ating such systems to photovoltaics
results in even greater conversion effi-
ciencies per unit active area of the
solar cell.

FREQUENCY-SHIFTING ELECTROMAGNETIC
CONCENTRATOR

Operating principles

A frequency-shifting electromagnetic
concentrator (FSEC) is based on the
simultaneous use of light cascade
technology with a dichroic system.
Imagine a light cascade system char-
acterized by the absorption/emission
spectra shown in Fig. 9.

The optical structure is shown in Fig.
11(b), and consists of a sandwich with
a dichroic filter as the top layer, fol-
lowed by a sheet of light cascade ma-
terial, with the back layer being an
efficient reflector. The transmission
and reflection of the dichroic filter is
given in Fig. 11(a).

The incident radiation of wavelength
Axi to A, that is transmitted by the




dichroic filter is absorbed by the
light cascade material and is re-
emitted over 4 steradian in the

wavelength range Ay, to Ay,. Due to
the backside reflector and the di-
chroic filter, this radiation is effec-
tively trapped in the light cascade
material and can only exit via the
optical exits (i.e., the sides of the
light cascade layer).

Principle and measurement results

We use an optical fiber to connect
the output of the light cascade layer
in the FSEC to an SFH 350
photodetector (the experimental de-
tails are given elsewhere). Figure 14
shows the results obtained from the
various structures discussed above.
Under the given excitation, the
FSEC yields a gain between 5 and 11
times that of untreated material.

Guided by these results, we have
developed new, economical architec-
tures with even higher conversion
efficiencies. In particular, we de-
scribe below a three-dimensional
(3D) solar cell that incorporates
these concepts.

Clean technologies, and particularly
solar energy, constitute a rapidly
expanding sector of the economy. In
this context, new optical and dimen-
sional approaches to photovoltaics to
concentrate energy without the need
for active cooling nor solar tracking
are welcome, and are even promoted
by several companies including Co-
valent Solar (USA) and Prism Solar
(USA) who use prisms and holo-
grams, and Cool Earth Solar
(Australia) that uses inflated sphe-
roids.

OPTO PV 3D: DOUBLE-PANE PHOTO-
VOLTAIC GENERATORS

Figures 15 and 16 show various
structural concepts for 3D double-
pane photovoltaics of standard con-
figurations or of glass and aluminum
for use in the construction industry.

PHOTOVOLTAIC TOWERS
Figures 17, 18 and 19 show exam-
ples OPTO PV 3D systems that
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PV OPTO PV 3D generators and differ-
ent volumetric architectures

Figure 20 presents several solar cell
modules using various 3D volumetric
architectures, where the walls con-
sists of light cascade material with an
outer surface consisting of a dichroic
or low-pass (in wavelength) filters.
The cutoff wavelength of these de-
g T Faciog rapkea imm id e een Elaw e bl e st e b eeien pends on the typq of photocells and
T e e e e 1 0, 1) OAMs used, but is generally between
650 and 900 nm.
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200 | de h ial and ing th
a cade host material and treating the
A exterior surface to obtain the desired
1 < > 4 = & T optical properties.
- N de st ciure The 3D architecture gives the great-
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est degree of liberty in managing the
various power generating functions.
In such a way, we can increase the
energy produced per unit volume or
per unit area (depending on the ge-
ometry used). Figure 22 shows a
schematic of a “solar tower”, which
is composed of several volumetric
solar cell modules. This geometry
increases the power generated with-
out increasing the installation’s foot-
print.

CONCLUSION

These developments in 2 and 3D
OPTO photovoltaics represent the
future of photovoltaics, where the
encapsulation material and architec-
ture plays a vital technical and eco-
nomic role, on a par with the photo-
cells themselves. The technology is
already available, making the em-
blematic “solar tower” a concrete
possibility.
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