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SOLAR CELLSARRANGEMENT 

0001. This is a Continuation of application Ser. No. 
12/301,399 filed Nov. 18, 2008, which is a National Stage of 
PCT Application No. PCT/IL2007/000652, filed May 30, 
2007, which claims benefit of Provisional Application No. 
60/803.390 filed May 30, 2006. The disclosure of the prior 
applications is hereby incorporate by reference herein in its 
entirety. 

FIELD OF THE INVENTION 

0002 This invention is generally in the field of solar 
energy conversion, and relates to a solar energy conversion 
system and method aimed at minimizing energy losses during 
the conversion process. 

BACKGROUND OF THE INVENTION 

0003 Solar cells are photovoltaic devices that use semi 
conductors to convert photons into electrical energy. In a 
semiconductor, a conduction band and a Valence band are 
separated by an energy gap Eg that varies with material com 
position and temperature. When a photon is absorbed by a 
semiconductor, an electron is promoted from the Valence 
band into the conduction band, thereby creating a hole in the 
Valence band. A photon of wavelength w and frequency v has 
an energy hv=hc/W, and is generally absorbed by a semicon 
ductor whenhvaEg. However, any extra energy in the photon 
is converted into thermal rather than electrical energy, since 
only one electron-hole pair can be created for each absorption 
event. On the other hand, a semiconductoris more transparent 
to wavelengths corresponding to energies less than Eg, since 
in this case the photons are not energetic enough to promote 
electrons from the valence band into the conduction band. 
Thus, a single band gap-based system cannot exceed 32% 
conversion efficiency for untreated Sunlight, since the most 
energetic photons produce largely thermal energy and are 
therefore inefficiently utilized, while the least energetic pho 
tons cannot be absorbed. 
0004 One technique for increasing the overall conversion 
efficiency is to use multiple cells with different band gaps to 
convert different parts of the illuminating Solar spectrum, 
with each cell optimized for the restricted illuminating spec 
trum that it receives. This configuration called tandem cell 
configuration is a series of several cells each of which is 
optimized to a part of the Solar spectrum, positioned one on 
top of the other, in a decreasing band gap order. The cells that 
make up the tandem can be grown individually and stacked 
together in a mechanical fashion, or the entire device may be 
grown monolithically using any of the known growth tech 
niques (for example metal-organic chemical vapour deposi 
tion (MOCVD), molecular beam epitaxy (MBE), and liquid 
phase epitaxy (LPE). Each cell in a mechanical Stack requires 
its own substrate for growth, which increases the overall cost. 
Additionally, complex engineering is required to provide 
good electrical connection to the stack, good thermal connec 
tions between the cells to dissipate heat which would other 
wise reduce efficiency, and good optical connection between 
the cells. Overall, such cells tend to suffer from poor effi 
ciency and poor reliability. For these reasons, monolithic 
stacks in which the cells are grown one on another on a 
common Substrate are preferred. In a monolithic cell structure 
there is a requirement to create an ohmic electrical connection 
between the different band gap regions. This is achieved by 
the use of tunnel diodes between the cells so that the overall 
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structure has only two electrical connections. The individual 
cells within the structure are connected in series so that the 
current through any cell is the same for all cells. This design 
leads to a current constraint whereby each cell must generate 
the same current for efficient operation. It is possible to design 
and optimize a structure for a particular spectrum, but when 
used in practice. Such as in a terrestrial Solar concentrator 
system, the spectrum will change throughout the day and 
throughout the year. This means that for much of the time the 
individual cells will not be current matched and the device 
efficiency will be reduced from the optimum value recorded 
when under the designed illumination spectrum. Further 
more, temperature variation is significant in a concentrator 
system so that the cell band gap variation will mean that the 
efficiency is reduced from the current matched optimum. 
0005. An alternative technique for increasing the overall 
conversion efficiency is to achieve the required spectral split 
ting using optics to deflect the correct part of the spectrum to 
the relevant cell. Spectral splitting consists of optical splitting 
of the incident illumination into several windows of energy 
ranges, each of which is suitable for cells that are optimized to 
the specific energy range. Unfortunately, this approach Suf 
fers from the difficulty in splitting the incident illumination 
over large areas because of the diffuse nature of the Sunlight. 
Therefore, radiation concentrators are typically required. 
0006 Another technique for increasing the overall conver 
sion efficiency is to use up-and down-conversion to convert 
two low energy photons to one of high energy, and split one 
high energy photon into two low energy ones, respectively, to 
make better use of the Solar spectrum for a given bandgap 
system. However, even efficient use of both up- and down 
conversion, leads to only modest increases in Solar-to-elec 
trical energy conversion efficiency. 
0007 Another shortcoming of such solar cells, mainly 
amorphous silicon and molecular semiconductor (MSC) 
based systems, is the high internal resistivity of the photoac 
tive materials. The process of photovoltaic energy conversion 
in molecular solar cells can be divided into three steps; cre 
ation of a movable electron/hole pair called an exciton in the 
MSC by light absorption, charge separation and charge col 
lection at the two metal contacts. Usually charge separation 
occurs at the interface between the MSC and a hole (or elec 
tron) selective material that dissociates (quenches) excitons 
across the interface. To complete the circuit, the charges 
created at the MSC-quencher interface must be collected 
selectively at the metal contacts. Since the charge generated at 
the MSC-quencher interface has to travel across the MSC 
layer, the collection efficiency depends on the electrical resis 
tivity of the MSCs. In other words, efficient charge separation 
requires long exciton diffusion length and high quality of the 
quencher-OSC (Organic Semiconductor) interface, while 
efficient light conversion depends also on the electrical resis 
tivity of the MSC layer. Moreover either short exciton diffu 
sion length or high resistivity of the MSCs limits the thickness 
of the MSC layers in which the high quantum yield of the 
energy conversion process is maintained. Consequently, the 
overall optical density and thus the conversion efficiency of 
these solar cells are low. 

0008 Interpenetrating configurations, offering high inter 
face area per illuminated area solve the exciton diffusion 
length problem, but often complicate the transport of the 
photo-generated charges. 
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GENERAL DESCRIPTION 

0009. There is a need in the art in optimizing conversion of 
Solar energy into electricity, by providing a novel technique 
capable of guiding different fractions of incoming electro 
magnetic radiation to Solar cell regions with different absorp 
tion spectra. The present invention provides for a novel 
waveguide arrangement configured as an array of Solar cell 
regions of the absorption spectra, different spectral compo 
nents of the input energy being thus processed (converted) 
Successively by the different Solarcell regions. The guiding of 
the electromagnetic radiation is carried out over large areas 
and utilizes spectrally-selective partially-transparent ele 
mentS. 

0010. According to abroad aspect of the present invention, 
there is provided a solar energy conversion system compris 
ing at least one waveguide arrangement having at least one 
light input, respectively. The waveguide arrangement com 
prises a core unit for passing input Solar radiation there 
through and a cladding material arrangement interfacing with 
the core therealong. The cladding material arrangement is 
configured as an array of spaced-apart Solar cells arranged 
along the core unit and having different optical absorption 
ranges. Such that an interface between the waveguide core and 
the cladding arrangement spectrally splits the photons of the 
input Solar radiation by causing the photons of different wave 
lengths, while passing through the core unit, to be succes 
sively absorbed and thereby converted into electricity by the 
Successive Solar cells of said array. 
0011 Preferably, the solar cells of the cladding arrange 
ment are arranged in a descending order of their optical 
absorption energy threshold having light sensitive materials 
of different band gap. 
0012. The waveguides may be optically inhomogeneous 
such that the input radiation is successively directed to the 
different solar cells for optimal conversion of said radiation. 
In some embodiments of the invention, the interface between 
the waveguide core and the cladding arrangement is config 
ured and operable to provide the spatial spectrum splitting in 
which the radiation is split into several windows of energy 
ranges. The waveguide arrangement may have an optical 
refractive index gradient along the core axis. 
0013 Preferably, the solar cells have thin light sensitive 
films (of about a few microns thickness, e.g. 2-5 microns). 
0014. In some embodiments of the present invention, the 
conversion system has a waveguide tandem configuration. 
The conversion system comprises at least one second 
waveguide structure interfacing with the cladding material 
arrangement of the first waveguide structure, each waveguide 
structure having its light input into the respective core. The 
waveguide arrangement may be wedge-shaped. 
00.15 Preferably, the solar cells are perpendicular to the 
incoming radiation and the waveguide arrangement is con 
figured as V-shaped grove. 
0016. The conversion system may comprise a spectral 
splitting element to provide a spectrum splitting of the input 
Solar radiation between at least first and second waveguide 
arrangements. The spectral splitting element may be a dich 
roic mirror. The dichroic mirror may be integrated within at 
least one of the solar cells. 
0017. According to another broad aspect of the invention, 
there is provided a solar energy conversion system compris 
ing at least one waveguide arrangement having at least one 
light input respectively, the waveguide arrangement compris 
ing a core unit for passing input Solar radiation therethrough 
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and a cladding material arrangement interfacing with the core 
therealong, said cladding material arrangement being config 
ured with a refractive index gradient along the core axis, the 
different refractive index regions of the cladding material 
arrangement being associated with the different Solar cells, 
respectively. 
0018. According to yet another broad aspect of the inven 
tion, there is provided a solar energy concentrator comprising 
at least one waveguide arrangement having at least one light 
input respectively, the waveguide arrangement comprising a 
core unit for passing input Solar radiation therethrough and a 
cladding material arrangement interfacing with the core the 
realong, said cladding material arrangement being configured 
with a refractive index gradient along the core axis, thereby 
spectrally splitting the photons of the input Solar radiation by 
causing the photons of different wavelengths, while passing 
through the coreunit, to be successively absorbed and thereby 
collected at the different refractive index regions of the clad 
ding material arrangement. 
0019. According to yet another broad aspect of the inven 
tion, there is provided a method for optimizing conversion of 
Solar energy into electricity. The method comprises directing 
an incoming radiation into at least one waveguide arrange 
ment comprising a core unit for passing input Solar radiation 
therethrough and a cladding material arrangement interfacing 
with the core therealong, said cladding material arrangement 
being configured as an array of spaced-apart Solar cells 
arranged along the core axis and having different optical 
absorption ranges, such that an interface between the 
waveguide core and the cladding arrangement spectrally 
splits the photons of the input Solar radiation by causing the 
photons of different wavelengths, while passing through the 
core unit, to be successively absorbed and thereby converted 
into electricity by the Successive Solar cells of said array; 
thereby enabling maximization of the efficiency conversion 
process in which the energy spectrum of the Solar radiation is 
absorbed by the surrounding solar cells. 
0020. The method also comprises guiding different frac 
tions of incoming radiation having different wavelength 
range to different Solar cells. 
0021. In some embodiments of the invention, the method 
comprises providing spatial spectrum splitting. The 
waveguide arrangement may be configured as series of 
prisms. The spectral splitting may be provided by a dichroic 
mirror. 

0022. The method also comprises selectively modifying 
parameters selected from the relative refractive indexes at the 
waveguide-solar cell interface, the band gap of said Solar 
cells, the length of each solar cell and the absorption window 
to optimize the absorption of the incoming radiation. The 
relative refractive indexes at said waveguide-solar cell inter 
face may be varied by different optical coupling coating 
between said waveguide and said Solar cells. The spectral 
splitting of the incoming radiation into several windows of 
energy ranges may be provided by a gradual variation of the 
waveguide refractive index. 
0023 Preferably, the waveguide refractive index may be 
selectively modified in the direction perpendicular to that of 
the incoming radiation towards a given wavelength. 
0024. In some embodiments of the invention, the solar 
cells have independent electrical circuits to decrease electri 
cal losses and eliminate the current matching between said 
Solar cells. 
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0025. In some embodiments of the invention, the electro 
magnetic radiation is directed onto an additional Solar cell 
with lowest optical absorption threshold, attached to said 
waveguides at an optimal angle to the other cells. The elec 
tromagnetic radiation may be directed into the waveguides 
via mirrors or lenses. The waveguides may be folded in mul 
tiple sheets or rolled in a spiral to decrease the space. These 
sheets or rolls may be encapsulated in vacuum or inert gas; or 
may be encapsulated in electrolyte forming an electrochemi 
cal system. 
0026. Some of the cells can be replaced for maintenance or 
due to a difference in their lifetime. 
0027. The invention also provides a method of encapsula 
tion of Solar cells using end-sealed glass tubes of various 
cross-sections, optimized for radiation collection. The tubes 
may be evacuated, filled with inert gas or may be filled by a 
chemically inert liquid, the optical properties of which match 
those of the tubes in an optimal fashion. The outer surface of 
the tubes may be modified for passive or active self-cleaning. 
The tubes may be equipped with light-collecting mirrors. 
0028. The tubes may be arranged so as to be tilted with 
respect to the horizon for optimal Solar radiation collection. 
Such optimal conditions may be achieved by rotating the 
tubes around their axes. 
0029. The tubes may be arranged to form unified modules 
permitting separate tube replacement. 
0030 The cells may be electrically connected to indepen 
dent electrical circuits. The electrical current produced by 
each of them can be managed and utilized separately, which 
decreases electrical losses and does not require current 
matching between the cells. The independent electrical con 
nection of the cells also decreases the losses due to the sea 
Sonal and daily changes in the Solar spectral characteristics. 

BRIEF DESCRIPTION OF THE FIGURES 

0031. In order to understand the invention and to see how 
it may be implemented in practice, and by way of non-limit 
ing example only, with reference to the accompanying draw 
ing, in which 
0032 FIG. 1 schematically illustrates the reflection pro 
cess occurring in a conventional waveguide; 
0033 FIG. 2 schematically illustrates an example of a 
waveguide-based Solar cell according to one embodiment of 
the present invention; 
0034 FIG. 3A to 3C schematically illustrate different 
structures in which examples of waveguide-based solar cells 
are stacked; 
0035 FIG. 4 illustrates several solar cells coupled in a 
waveguide tandem configuration; 
0036 FIG. 5 illustrates the possible coupling of the light 
along several systems; 
0037 FIG. 6A illustrates spatial color splitting in a 
waveguide having an optical refractive index gradient accord 
ing to one embodiment of the present invention; 
0038 FIG. 6B illustrates a set of color-splitting 
waveguide-based Solar cells having V-shaped top ends 
assembled in a stack; 
0039 FIGS. 7A-7B exemplify an example of two-cell 
designs with parallel stacking of hollow tubes containing two 
types of cells and dichroic mirrors which provides spectrum 
splitting between the cells; 
0040 FIGS. 8A-8B show a general scheme of two 
optional configurations using a dichroic mirror that splits the 
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Solar radiation into high and low energy regions and two solar 
cells that are optimized for these regions; 
0041 FIG. 9 shows the incident photon to current effi 
ciency (IPCE) spectra of a solar cell as a function of the 
illumination path; 
0042 FIG. 10 shows two curves, G, corresponding to 
incident photon to current efficiency (IPCE) of a solar cell 
understandard conditions, and G, similar to G, but illumi 
nated with long wavelengths, reflected by a dichroic mirror; 
0043 FIG. 11 shows the incident photon to current effi 
ciency of a conversion system in which a Solar cell is attached 
to a plate of window glass, which was illuminated from the 
side So as to serve as a light guide; and 
0044 FIG. 12 shows the J-V characteristics of the cells of 
different lengths. 

DETAILED DESCRIPTION OF PREFERRED 
EMBODIMENTS 

0045. The configuration and operation of the conversion 
system and the method for optimizing the conversion of solar 
energy into electricity used therein can be better understood 
with reference to the drawings, wherein like reference numer 
als denote like elements through the several views and the 
accompanying description of non-limiting, exemplary 
embodiments. 

0046. The present invention in its one aspect takes advan 
tage of the effect of total internal reflection of light propagat 
ing along a waveguide, for constructing a Solar cell arrange 
ment. The total internal reflectance results from the difference 
in refractive indexes at the waveguide core-cladding inter 
face. This difference determines the critical angle at which all 
the light is reflected back into the waveguide. The reflection 
process occurs over a distance in the order of one half of the 
wavelength. In other words, in each reflection occurrence, the 
light penetrates the cladding material to a distance of approxi 
mately half its wavelength during the reflection. A schematic 
presentation of this reflection process is shown in a self 
explanatory manner in FIG. 1. 
0047 Reference is made to FIG. 2 illustrating a solar 
energy conversion system, generally designated 1000, 
including at least one waveguide arrangement 100, the single 
waveguide being shown in the present example, having a light 
input 20. The waveguide arrangement 100 includes a core 
unit 10 for passing input solar radiation 20 therethrough and 
a cladding material arrangement 30 interfacing with the core 
10 therealong. The cladding material arrangement 30 is con 
figured as an array of spaced-apart Solar cells arranged along 
the core axis and having different optical absorption ranges, 
such that an interface between the waveguide core 10 and the 
cladding arrangement 30 spectrally splits the photons of the 
input solar radiation 20 by causing the photons of different 
wavelengths, while passing through the core unit 10, to be 
successively absorbed and thereby converted into electricity 
by the Successive Solar cells of said array. 
0048 Thus, the waveguide can be modified to the extent 
that for the visible region only the first 200-400 nm (or less if 
needed) of each cell will be illuminated. Unlike standard 
cells, here, photons that are notabsorbed by the thin solar cell 
in the first pass through are not lost. The length of the sur 
rounding Solarcell and the properties of the waveguide ensure 
full collection of these photons. In other words, the 
waveguide-based Solar cell (the waveguide arrangement hav 
ing at least one array of Solar cell regions of different absorp 
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tion spectra) enables full collection of the incident photons 
while maintaining a thin, low resistance, efficient Solar cell. 
0049. It should be noted that in this example, ITO is used 
as a transparent conductor, but it should be understood that 
the invention is not limited to this specific example. When 
light penetrates the waveguide it propagates while penetrat 
ing the Surroundings (cladding material). If the Surrounding is 
a Solar cell, one can expect that the penetrating light will be 
converted into electricity. In other words, as light propagates 
via the waveguide, part of it is absorbed by the Surrounding 
solar cell and converted into electricity. The exact light path 
and portion absorbed by the Surrounding Solar cell depend on 
the relative refractive indexes at the waveguide-solar cell 
interface and the band gap of the solar cell. This interface is 
designed so as to allow full absorption of the photons having 
high enough energy for the Surrounding Solar cell. However at 
the same time, the interface between the waveguide and the 
Surrounding Solar cell allows the photons of lower energy to 
propagate along the waveguide. Such a design may include 
changes in the refractive index of the waveguide towards a 
given wavelength region, wavelength dependant scattering or 
other optical methods to affect the path of the photons based 
on their energy. 
0050. It should be noted that the term waveguide used 
herein does not limit the device configuration to a cylindri 
cally shaped configuration. The device may be configured as 
a cylinder-like or Substantially flat configuration. 
0051 Reference is made to FIGS. 3A to 3C exemplify 
structures in which the waveguide-based solar cells are 
stacked. 

0052 According to one embodiment of the present inven 
tion, several Solar cells may be coupled in the waveguide 
tandem configuration as illustrated in FIG. 4. 
0053 Light entering the system propagates in a waveguide 
next to a series of solar cells. The interaction between the light 
and the Surrounding Solar cell is limited to the photons that 
can be of use in that specific solar cell. The remainder of the 
illumination continues towards one of the following Solar 
cells, finally allowing the low end photons an exit for a use in 
a thermal based system or as a mean to avoid heating. 
0054 According to some embodiments of the invention, 
there is provided a system having multiple solar cells and 
having many degrees of freedom like length of each Surround 
ing Solar cell, absorption window, relative refractive indexes, 
etc., to allow optimization of each chosen set of Surrounding 
solar cells. As shown in FIG. 5, the light can move along 
several systems using optical compatible glues, and the final 
Solar cell can be positioned facing the light path in the tradi 
tional way. 
0055 Moreover, it should be noted that the solar cell of the 
waveguide-based Solar cell system of the present configura 
tion may be formed from thin layers (a few microns, 2-5 
microns) preventing high internal resistance. The use of thin 
layers increases the cell's effectiveness. 
0056. According to another aspect of the invention, the 
optical waveguides can be used for direct spectrum splitting 
using the same principle as in graded index (GRIN) lenses but 
implemented with materials having strong wavelength dis 
persion. The waveguide can be designed as series of prisms 
that would lead to spatial spectrum splitting. Two parameters 
can be varied independently: first, the refractive index in each 
point of the waveguide, and second the reflection coefficient 
at the border between the solar cell and the waveguide. 
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0057. It should be noted that the reflection coefficient at 
the border between the solar cell and the waveguide can be 
varied by using various optical coupling coatings between the 
waveguide and the Solar cells. The spectral dispersion can be 
achieved in more than one way (more than one dopant) mak 
ing this parameter that can be varied without deteriorating 
other desirable waveguide properties. Considering white 
light falling with a small angle variation on a waveguide 
having a gradient of refractive index in the direction perpen 
dicular to that of the incoming radiation, light of different 
wavelengths is bent at the entrance to a different angle, if the 
material has any degree of optical dispersion. If the 
waveguide is long enough, the light coming from the side 
Surfaces of the waveguide is spatially color-separated, 
because of the different optical path of the light of various 
wavelengths. 

0058 Reference is made to FIG. 5 and to FIGS. 6A-6B 
which illustrates an example of a spatial color splitting con 
figuration. FIG. 6A illustrates spatial color splitting in a 
waveguide having an optical refractive index gradient to yield 
wavelength dispersion. The internal reflection angle can be 
modified by changing the refractive index of the outer coating 
(the coating that couples light to the solar cells). It should be 
noted that the sequence of color splitting can be varied by 
tailoring the refractive index profile. FIG. 6B shows a set of 
color-splitting waveguide arrangement having V-shaped top 
ends assembled in a stack. 

0059. It should be noted that since the cells are perpen 
dicular to the incoming radiation, the optical waveguides can 
form V-shaped groves (or curved V-shaped groves) with a 
multilayer antireflection coating and graded refractive index 
within the V-shaped part of the plate. Such configurations are 
capable of operating in a wide optical range. The V-shaped 
groves are not necessarily symmetrical. For example, the 
shape of the waveguide end can take into account the position 
of the Sun. 

0060 Reference is made to FIGS. 7A-7B exemplifying 
two-cell designs with parallel stacking of hollow tubes con 
taining two types of cells and dichroic mirrors providing 
spectrum splitting between the cells. FIG. 7A illustrates a 
two-cell arrangement, containing parallel stacking of hollow 
tubes in which inverted V-shaped dichroic mirrors are placed. 
The tubes can be sealed and filled with an inert gas that 
extends cell lifetime. The top mirrors collect diffuse light. The 
tubes and the mirrors can be made of glass, which simplifies 
maintenance and filters out UV radiation protecting plastic 
made components from degradation. It should be noted that 
depending on a selected design, the dichroic mirrors can be 
integrated with one of the cells. 
0061. It should be noted that each stack, waveguide and 
cell on a waveguide can be replaced and repaired separately. 
Since the lifetimes of cells of different types may vary over a 
wide range, this provides a considerable advantage interms of 
maintenance and recycling. The latter is especially important 
for cells containing Cd. In addition, this provides unprec 
edented flexibility for a system size: the number of 
waveguides in the stacks has no lower or upper limit. Thus, 
the system of the present invention can be used for huge 
industrial scale energy production as well as for house-hold 
size secondary power Supplies. 
0062 Stack design solves the problem of thermal stress, 
because the stacks are free to expand in the direction of the 
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incoming radiation. This eases the requirements for optical 
glue between the cells and the waveguides, and may strongly 
reduce aging. 
0063. Over time, the outer surfaces of any optical system 
get damaged by natural elements. The outer optical Surfaces 
can be easily replaced by replacing the top parts of the 
waveguides or replacing the tubes. One can also envision 
ways to do so without disassembling the stacks. This may be 
a decisive factor in desert areas. 
0064. The stacks are not required to have large mechanical 
strength or perfect optical properties. Therefore, they can be 
manufactured by a process, such as Sol-gel, that significantly 
simplifies tailoring of refractive index and dispersion ratio. 
According to another aspect of the invention, wherein the 
interface between the waveguide core and cladding is config 
ured and operable to provide a spatial spectrum splitting in 
which the incoming radiation is split into several windows of 
energy ranges. The splitting of the Solar irradiation to two 
energy windows followed by conversion to electrical energy 
by two energetically optimized solar cells is illustrated in 
FIGS. 8A-8B. Two optional configurations using a dichroic 
mirror that splits the Solarirradiance into high and low energy 
regions and two Solar cells that are optimized for these 
regions are shown. Unlike existing systems the spectral split 
ting here is done inside the conversion system, to thus over 
coming the disadvantages involved in using concentrators. 
0065 Preferably, the construction and sealing of the con 
version system is based on glass tubes of different lengths (but 
always with a length several times its diameter). 
0066. The concepts of the above described inventive 
aspects were tested using dye sensitized solar cells (DSSCs). 
Third generation Solar cells of the dye-sensitized, organic and 
polymer cell types, tolerate only thin layers of the photoactive 
materials. In dye-sensitized solar cells efficient charge sepa 
ration occurs only from dye molecules that are attached 
directly to the semiconductor, while in organic and polymer 
solar cells the thickness of the photoactive material should not 
exceed the exciton diffusion length. Consequently, the optical 
density of these cells would be sub-optimal throughout the 
spectral window of the photoactive material. Typically, this 
problem is overcome by the use of 3-D interpenetrating 
arrangements of photoactive and carrier conducting material, 
in which the interfacial Surface area is significantly larger 
than the projected area. This provides the desired high optical 
density with thin photoactive layers. While this approach 
Solves the optical density issue, the interpenetrating configu 
ration increases the distance the separated charges need to 
travel to the current collectors. Therefore, current collection 
starts to limit cell performance. To overcome this problem, 
cells will often have, again, Sub-optimal optical density of the 
absorber and, thus, will utilize the solar irradiation incom 
pletely. 
0067. The inventors of the present application have devel 
oped a new generic configuration for these types of cells that 
allows efficient energy conversion also over the spectral 
regions where the absorption coefficient of the photoactive 
material is low. Consequently the effective spectral response 
of the Solarcells extends over a wider spectral range than what 
would be the case in a standard configuration. This approach 
opens the way to better matching between the Solar spectrum 
and the absorption spectra of these types of cells. 
0068 A currently available cell type suitable for utilizing 
the high energy part of the spectrum, namely the dye sensi 
tized solar cell (DSSC), with an effective absorption edge 
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around 2 eV was used. For the low energy part, polycrystal 
line Sicells or, even better, CuInSe-based cells among cur 
rently available cells, can be used. It should be noted that 
while currently state of the art systems are designed for maxi 
mal efficiency over the whole spectrum, the splitting Sug 
gested by the present invention requires cells optimized over 
a limited spectral range. 
0069. For optimal choice of cells for each spectral win 
dow, both the low and high energy cells to be used in the 
conversion system were developed for use as single cells. 
Special care is given to an increase of the operating Voltage. 
The use of the spectral range that matches the peak absorption 
of the dye requires less dye and a thinner nanoporous elec 
trode. This provides free surface that can be used to push the 
conduction band potential negatively and consequently 
increases the operating Voltage. 
0070 Various parameters that significantly affect the final 
cost of energy need to be considered. These include the prop 
erties of the dichroic mirror (energy position and sharpness of 
the change from transparency to reflection), the angle 
between the cells and between the cells and the mirror. 
0071 Considering the above-described concept, optimi 
Zation of this configuration included examination of the con 
version system's position inside the tube and calculations of 
the possible gains or losses resulting from its placement 
inside the tube, including the position of the tube with respect 
to the Sun and the reflection losses; antireflection coatings; 
influence of the refractive index of the tube; the use of the 
curved tube surface as low concentration lens; the atmosphere 
inside the tube and its influence on thermal balance; estima 
tion of thermal stresses in the tubes (estimation of gas density 
fluctuations in the tubes and their influence on the optical 
properties); circular versus elliptical tube; use of varying 
curvature to decrease reflection. 
0072. With regards to dichroic mirrors, the following 
parameters should be taken into consideration: the influence 
of the quality of the dichroic mirror on the cell performance: 
and the minimal requirements for the dichroic mirror, namely 
position of the cut-off frequency, spectral width of the tran 
sition region and optical absorption in the various parts of the 
Solar spectrum. 
0073. The following are some experimental results for the 
technique of the present invention. 
0074 The first experiment was aimed at the light harvest 
ing and efficient use of photons in the proposed system. Thus 
high efficiency and the tandem concepts are not involved. 
(0075 FIG. 9 shows the IPCE (incident photon to current 
efficiency) spectra of a DSSC as a function of the illumination 
path. Curve a present the IPCE of the cell under the standard 
perpendicular illumination, and curve b presents the IPCE 
spectrum obtained from the same DSSC but when the cell was 
illuminated via the glass Substrate. The glass Substrate acts as 
a flat waveguide. Both curves a and b are normalized to 100% 
at their peak value. 
0076. The results show that a waveguide based configura 
tion allows better usage of the incident photons. This is due to 
a combination of high optical density (for all wavelengths) 
and short transport path of the photoinjected electrons. 
0077 FIG. 10 shows two curves, G, corresponding to 
incident photon to current efficiency (IPCE) of a DSSC under 
standard conditions, and G, similar to G, but illuminated 
with long wavelengths, reflected by a dichroic mirror. This 
experiment was conducted using a conversion system con 
taining a commercially available Si pin Solar cell and a Ru 



US 2013/00871.82 A1 

dye-sensitized solar cell (Ru-DSSC) with a dichroic mirror 
with a spectral cut-off around 540 nm. The results show that 
the dichroic mirror does not affect the cell performance above 
the cut-off energy (400-520 nm). Current-voltage measure 
ments (not shown) show that despite the cut-offat 540 nm the 
DSSC maintained 50% of its conversion efficiency, while at 
the same time the Sicell lost only 20% of its performance. 
0078. In a further experiment, a DSSC was attached to a 
plate of window glass, which was illuminated form its side so 
as to serve as a light guide. The results are shown in FIG. 11. 
Curve (a) shows the current-wavelength characteristics of the 
light guide based DSSC in terms of internal photon to current 
conversion efficiency (%). For comparison similar graph (b) 
is shown for the same cell, but now illuminated directly. 
Clearly the spectral response of the former is significantly 
better than that of the latter. Curve (c) shows the optical 
absorption of the cell. 
0079. In another experiment, a set of DSSCs was mea 
sured. Each DSSC was attached to a window glass plate with 
a given edge area, as in the above-described example. The 
cells were differed in their length, but were otherwise identi 
cal. The results are shown in FIG. 12. The J-V characteristics 
of the cells of 3, 4 and 5 cm length are shown graphs H. H. 
and H. These characteristics are compared with those of the 
same cell, exposed to the same illumination (curve Ha), but 
now directly illuminated, i.e., without the light passing thor 
ough the glass plate. All the currents are normalized to 1 cm. 
The very much improved currents are clearly seen. The 
decrease in Voltage is due to the lower light intensity (per unit 
illuminated area) for the cells illuminated through the glass, 
as compared to the one illuminated directly. Still it is obvious 
that the maximum power point of the 4 and 5 cm long cells 
illuminated through the glass is higher than that of the directly 
illuminated cell. 
0080. The results presented in FIG. 12 further demonstrate 
the flexibility of the generic system described here. The 
length of the cell attached to the waveguide can be tailored to 
the properties of the Solar cell and to the specific Solar spec 
trum. 

1. A Solar energy conversion system comprising: 
at least one hollow tube comprising: 
at least two photovoltaic cells having different absorption 

spectra; and 
at least one spectrally-selective element positioned 

between said at least two cells for providing spectral 
splitting of input Solar energy and directing it onto said 
cells. 

2. A Solar energy conversion system according to claim 1, 
comprising at least two of said tubes arranged in Substantially 
parallel relationship. 

3. A Solar energy conversion system according to claim 1, 
wherein said at least one tube is configured as a hollow glass 
tube. 

4. A Solar energy conversion system according to claim 1, 
wherein the spectrally-selective element is a dichroic mirror. 

5. A Solar energy conversion system according to claim 1, 
wherein the spectrally-selective element is an inverted 
V-shaped mirror structure. 

6. A Solar energy conversion system according to claim 5. 
wherein the inverted V-shaped mirror structure is situated 
over one of the at least two photovoltaic cells. 
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7. A Solar energy conversion system according to claim 5. 
wherein at least one of the at least two photovoltaic cells is 
facing the inverted V-shaped mirror structure. 

8. A Solar energy conversion system according to claim 5. 
wherein one of the at least two photovoltaic cells is situated 
between minor elements of the inverted V-shaped mirror 
Structure. 

9. A Solar energy conversion system according to claim 5. 
wherein an apex of the inverted V-shaped mirror structure is 
situated on top of one of the at least two photovoltaic cells. 

10. A Solar energy conversion system according to claim 1, 
wherein the spectrally-selective element is configured to split 
the input solar energy into high and low energy regions, said 
two photovoltaic cells being optimized for said energy 
regions. 

11. A Solar energy conversion system according to claim 
10, wherein 

at least one of the at least two photovoltaic cells is a dye 
sensitized solar cell (DSSC) usable to collect high 
energy region of the spectrum, and 

at least one other of the at least two photovoltaic cells is a 
polycrystalline Sicellora CuInSe2-based cell usable for 
collecting the low energy region of the spectrum. 

12. A Solar energy conversion system according to claim 1, 
wherein each of the tubes is sealed and evacuated. 

13. A Solar energy conversion system according to claim 1, 
wherein each of the tubes is configured as a sealed hollow 
tube filled with an inert gas or a chemically inert liquid, 
optical properties of said inert gas or chemically inert liquid 
matching optical properties of the tube. 

14. A Solar energy conversion system according to claim 1, 
comprising at least one light-collecting mirror associated 
with said at least one tube. 

15. A Solar energy conversion system according to claim 1, 
wherein a length of said at least one tube is several times 
greater than a diameter of said tube. 

16. A Solar energy conversion system according to claim 1, 
wherein said at least one tube is mounted for rotation enabling 
to tilt it for optimal solar radiation collection. 

17. A Solar energy conversion system according to claim 1, 
wherein each of the photovoltaic cells is electrically con 
nected to an independent electrical circuit, thereby allowing 
decreasing electrical losses and eliminating need for current 
matching between the cells. 

18. A Solar energy conversion system according to claim 1, 
wherein each of the photovoltaic cells is electrically con 
nected to an independent electrical circuit, thereby allowing 
separate replacement of the tube. 

19. A Solar energy conversion system according to claim 1, 
wherein at least one of the photovoltaic cells has a thin pho 
toactive layer. 

20. A Solar energy conversion system according to claim 1, 
wherein said at least one tube comprises an antireflection 
coating. 

21. A Solar energy conversion system according to claim 1, 
wherein said at least one tube is a circular or elliptical tube. 

22. A Solar energy conversion system according to claim 1, 
wherein said at least one tube has a varying curvature config 
ured to decrease reflection. 

23. A Solar energy conversion system according to claim 2, 
wherein said tubes are arranged to form unified modules 
configured to permit separate tube replacement. 
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