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MULTI-JUNCTION SOLAR ARRAY

BACKGROUND

Field

[0001] The present invention relates to photovoltaic devices and methods of producing
such devices. More particularly, the present invention relates to arrays of photovoltaic
cells that have substantially improved optical spectral responsivity and efficiency, and

that can be produced by joining and arraying multiples of discrete photovoltaic devices.

Related art

[0002] Photovoltaic devices represent one of the major sources of environmentally clean
and renewable energy. They are frequently used to convert optical energy into electrical
energy. Typically, a photovoltaic device is made of at least one semiconducting material
with p-doped and n-doped regions, respectively. The conversion efficiency of solar power
into electricity of this device is limited to a maximum of about 37%, since photon energy
in excess of the semiconductor’s bandgap is wasted as heat. A photovoltaic device with
multiple semiconductor layers of different bandgaps is more efficient: an optimized two-
bandgap photovoltaic device has the maximum solar conversion efficiency of 50%,
whereas a three-bandgap photovoltaic device has the maximum solar conversion
efficiency of 56%. Realized efficiencies are typically less than theoretical values in all
cases.

[0003] Multi-layered or multi-junction devices are currently manufactured as monolithic
wafers, where each semiconductor layer is crystal-grown on top of the previous one. As a
result, the semiconductor layers are electrically connected in series and have to be
current-matched in order to obtain maximum conversion efficiency. This current-
matching procedure complicates the design and decreases the efficiency of the device.
The latter becomes particularly evident when considering the effect of spectral filtering
on the device efficiency. If a part of the solar spectrum is absorbed or scattered, ¢.g. by
water vapors, the resulting disproportional decrease of photocurrent in one of junctions
will limit the current through the whole device and thus decrease its conversion

efficiency.
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[0004] Furthermore, currently manufactured multi-junction photovoltaic devices are
multi-layered in series on top of each other, so that all the overlying or top junction
layers, including conducting layers and semiconductor layers, have to be at least semi-
transparent. The degree of this transparency determines the overall efficiency of the
multi-junction device; more transparent layers produce higher efficiency devices.
However, achieving high optical transparency in an electrically conducting material is
difficult, and it usually results in a compromise between achieving low electrical

resistivity and high optical transparency.

Summary

[0005] In accordance with the present invention, a photovoltaic device is provided. The
photovoltaic device includes a plurality of photovoltaic cells disposed in an array in
which each cell is adjacent to another cell. Each of the cells includes first and second
photovoltaic modules. The first photovoltaic module of each cell is configured to convert
a first part of light energy incident thereon into electrical energy and to reflect to the
second photovoltaic module of an adjacent cell at least some of a remaining portion of
light energy incident thereon. The second photovoltaic module of each cell is configured
to convert into electrical energy the remaining portion of the light energy received from
the first photovoltaic module of an adjacent cell.

[0006] In accordance with one aspect of the invention, the first and second photovoltaic
modules in at east one of the cells may be monolithically integrated.

[0007] In accordance with another aspect of the invention, the first part and the remaining
portion of the light energy may be spectrally different parts of the optical energy.

[0008] In accordance with another aspect of the invention, at least 50% of the remaining
portion of the light energy may be specularly reflected to the second photovoltaic module
of the adjacent cell.

[0009] In accordance with another aspect of the invention, at least 90% of the remaining
portion of the light energy may be specularly reflected to the second photovoltaic module
of the adjacent cell.

[0010] In accordance with another aspect of the invention, a plurality of third

photovoltaic modules may be provided, each of which is configured to receive and
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convert to electrical energy a portion of any light energy reflected by a respective one of
the second photovoltaic modules.

[0011] In accordance with another aspect of the invention, the first photovoltaic modules
may have an absorber layer with a larger bandgap than an absorber layer in the second
photovoltaic modules.

[0012] In accordance with another aspect of the invention, the third photovoltaic modules
may have an absorber layer with a bandgap that is smaller than the bandgap of the
absorber layers in the first and second photovoltaic modules.

[0013] In accordance with another aspect of the invention, a plurality of additional
photovoltaic modules may be located downstream from the plurality of photovoltaic cells.
Each of the additional modules is configured to receive and convert to electrical energy a
portion of light energy reflected by a respective one of the photovoltaic cells located
upstream.

[0014] In accordance with another aspect of the invention, a photovoltaic device is
provided that includes a substrate and a first photovoltaic module having a first
semiconductor absorber layer and a first reflecting conducting layer disposed on the first
semiconductor absorber layer. The photovoltaic device also includes a second
photovoltaic module having a second semiconductor absorber layer. The first and second
modules are attached to the substrate. The first and second modules are configured to
respectively convert first and second parts of optical energy into electrical energy. The
first reflecting conducting layer is configured to reflect at least a portion of the second
part of the optical energy.

[0015] In accordance with another aspect of the invention, the second photovoltaic
module may include a second reflecting conducting layer disposed on the second absorber
layer.

[0016] In accordance with another aspect of the invention, the first and second modules
may be attached to opposing sides of the substrate.

[0017] In accordance with another aspect of the invention, the first and second reflecting
conducting layers may be disposed between first and second absorber layers, respectively,
and the substrate.

[0018] In accordance with another aspect of the invention, the first and second modules

may have a nonplanar configuration.
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[0019] In accordance with another aspect of the invention, the first modules may have a
cylindrical or parabolic configuration in cross-section.

[0020] In accordance with another aspect of the invention, a method is provided for
converting optical energy to electrical energy. The method begins by receiving a first
amount of optical energy from an energy source and converting at least a portion of the
first amount of optical energy to electrical energy. Another portion of the first amount of
optical energy is reflected to a downstream photovoltaic cell. In addition, a second
amount of optical energy reflected from an upstream photovoltaic cell is received. At
least a portion of the second amount of optical energy is converted to electrical energy.
[0021] In accordance with another aspect of the invention, the first amount of optical
energy may be located at wavelengths shorter than wavelengths at which the second

amount of optical energy is located.

Brief Description Of The Drawings

[0022] FIG. 1 shows the operation of a multi-layered, multi-junction photovoltaic device
that includes three photovoltaic modules.

[0023] FIG. 2 shows a cross-section through one of the photovoltaic modules illustrated
in FIG. 1.

[0024] FIG. 3 shows a tandem solar cell composed of two integrated photovoltaic
modules.

[0025] FIG. 4 shows one embodiment of an array of photovoltaic cells constructed in
accordance with the present invention.

[0026] FIG. 5 shows a cross-section through one embodiment of an individual
monolithically integrated photovoltaic cell.

[0027] FIG. 6 shows another embodiment of an array of photovoltaic cells which
employs the photovoltaic cells of the type depicted in FIG. §.

[0028] FIG. 7 shows a cross-section through an embodiment of an individual
photovoltaic cell that is formed by attaching together two pre-formed photovoltaic
modules.

[0029] FIG. 8 shows a cross-section through another embodiment of an individual

monolithically integrated photovoltaic cell.
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[0030] FIG. 9 shows another embodiment of an array of photovoltaic cells constructed in
accordance with the present invention.

[0031] FIG. 10 shows yet another embodiment of an array of photovoltaic cells
constructed in accordance with the present invention which employs additional
photovoltaic modules.

[0032] FIGs. 11 and 12 show, in a cross-sectional view and a perspective view,
respectively, embodiments of an array of photovoltaic cells that are curved or non-planar
in cross-section.

[0033] FIG. 13 shows a perspective view of an array of photovoltaic cells that is secured
to a foldable frame.

[0034] FIG. 14 shows the electrical outputs provided with one embodiment of an array of

photovoltaic cells constructed in accordance with the present invention.

Detailed Description
Overview

[0035] In the following detailed description, numerous specific details are set forth in
order to provide a thorough understanding of exemplary embodiments or other examples
described herein. However, it will be understood that these embodiments and examples
may be practiced without the specific details. In other instances, well-known methods,
procedures, components and circuits have not been described in detail, so as not to
obscure the following description. Further, the embodiments disclosed are for exemplary
purposes only and other embodiments may be employed in lieu of, or in combination
with, the embodiments disclosed.

[0036] As summarized above and described in more detail below, the apparatus for multi-
Junction photovoltaic energy conversion device and the method for producing the same is
provided. Embodiments of this apparatus and method may facilitate the ability to
efficiently and economically convert electro-magnetic energy in the form of light into
electrical energy in the form of electrical current. Embodiments of this apparatus and
method may also facilitate large volume production and widespread usage of photovoltaic

devices.
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[0037] Multi-junction devices in general are a more efficient means for conversion of
solar energy into electricity. However, the development of these devices is currently
hindered by the complexity of semiconductor manufacturing processes, such as epitaxial
film growth and high material cost. On the other hand, there are alternative technologies,
such as those based on thin-films, where processing is substantially less complex and
expensive. Thus a new approach is needed for implementing multi-junction device design
utilizing low cost photovoltaic technologies.

[0038] This invention provides such an approach and an apparatus that operates as and
realizes the benefits of a multi-junction solar cell and also can be built using low cost
manufacturing approaches. This apparatus is an array of bi-facial solar cells, which
consist of at least two different solar modules and in which the absorber bandgap of the
top module is chosen to be larger than the absorber bandgap of the bottom module.
Furthermore, the cells are highly reflecting for the part of solar light absorbed by the
absorber. The array of such cells is constructed in such a way that the light reflected from
the top module is directed towards and absorbed by the bottom module of an adjacent
cell.

[0039] As shown in FIGs. 1 and 2, a multi-junction photovoltaic device 100 may be
produced from two or more photovoltaic modules such as the three photovoltaic modules
111, 112 and 113 shown in FIGs. 1 and 2. Each of the photovoltaic modules 111, 112
and 113 includes at least two conducting layers 220 and 250, and two semiconductor
layers 230 and 240 that define a junction at their interface as shown in FIG. 2. Some of
the junction layers may also include substrate 210. When photovoltaic device 100 is
illuminated by light 101, one of its junction layers may absorb a part of light with photon
energies above a corresponding bandgap and transmit a part of light (i.e. light 102 and
103) with photon energies below a corresponding bandgap. The junctions within and
between modules may be arranged so that the bandgaps of lower lying junctions are
smaller than the bandgaps of higher lying junctions; this condition improves the
conversion efficiency of the device. Furthermore, these modules may be electrically
connected with each other in series or alternatively isolated from each other and provided
with two individual electrical contacts 130 of opposite polarity for producing electrical

current connectors 140.
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[0040] Current approaches to the design of multi-junction devices usually result in
production of serially connected junctions. As a result, an electrical current through each
junction must be the same; this is a condition called current matching and it is
accomplished by careful selection of semiconductor bandgaps and layer thicknesses given
a predetermined shape of the light spectrum. This current matching unduly complicates
the design of the device, reduces its fault tolerance and may also reduce its conversion
efficiency. For example, a failure of one junction will result in a failure of the whole
device. Furthermore, under changing environmental conditions the spectrum of light used
for energy conversion may change substantially. This effect may in turn lead to
disproportionately different changes of current in different junctions, thus breaking the
current matching condition and reducing conversion efficiency. For example, if an
increase in the moisture content of the terrestrial atmosphere leads to a 50% reduction in
the infrared portion of sunlight optical energy due to optical filtering effect, then a typical
single crystal multi-junction device with Ge as a bottom layer active material may
experience an overall 50% reduction in its output current. In this situation the bottom-
most junction will limit the current provided by the whole device because the current in
the upper junction or junctions cannot exceed this value even though they would be able
to do so otherwise. As a result, the fill factor of the upper junction or junctions will be
substantially reduced and the overall conversion efficiency of the device will decrease. As
an example of a multi-junction solar cell, FIG. 3 shows a tandem solar cell 301 composed
of two integrated photovoltaic modules 310 and 320, each having individual electrical
contacts and thus avoiding the current matching condition of a regular tandem cell design.
[0041] FIG. 4 shows an arrangement 400 that comprises an array or series of photovoltaic
cells 430. The cells 430 are spatially separated from another and, in this example, are
parallel to one another. Each cell 430 includes two (or possibly more) single-junction
photovoltaic modules 410 and 420. Each module 410 and 420 may be of the type shown
in FIG. 2, except that in the case of modules 410 and 420 the lower or bottom conducting
layer 220 is reflective. In this way, a part 402 of incoming solar light 401 that is not
absorbed by the modules 410 is then reflected by its bottom conductor so that it is
redirected to the adjacent downstream cell 430, where it is absorbed by the module 420 of
the downstream cell 430. Thus part of the energy carried by the light 401 is first

converted into electricity by a multitude of modules 410 in each cell 430, and then the
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remaining energy in light 402 is converted into electricity by a multitude of modules 420
in the adjacent downstream cell 430.In this way each cell 430 (except for the first and last
cells 430 in the array) converts light received from the energy source (e.g., the sun) as
well as light reflected to it by an upstream adjacent cell 430.

[0042] In the array shown in FIG. 4, the module 410 and 420 do not have to be
transparent and form a tandem in order to realize multi-junction photovoltaic energy
conversion. Instead, the modules 410 and 420 in each cell 430 are optically opaque and
reflecting. Furthermore, the modules 410 and 420 preferably include semiconductor
absorber materials having different energy bandgaps. Furthermore, it is also preferred that
the absorber in modules 410 have a larger bandgap than the absorber in the modules 420.
[0043] Solar arrays of the type shown in FIG. 4 may be used in large area solar plants in
terrestrial applications as well as on board space vehicles and orbital stations. This
approach may be particularly attractive for the latter application, because the cells can be
manufactured on lightweight plastic substrates using thin film technology and thus
achieve a very high specific power, i.e., produced electrical power per unit weight. Sun or
other light source tracking mechanisms may be needed to achieve optimum performance.
[0044] FIG. 5 shows one embodiment of the invention, in which the modules 410 and
420 in each cell 430 of FIG. 3 are monolithically integrated to form a bifacial solar cell
501. As shown, the bifacial solar cell 501 includes a substrate 510 and two photovoltaic
modules 520 and 530. The top module 520 contains at least one semiconductor absorber
material 522 having a higher energy bandgap than that of at least one semiconductor
absorber material 532 of the bottom module 530. In this way the top module 520 will
absorb shorter wavelength light than the light absorbed by the bottom module 530. The
top module 520 also includes conducting layers 521 and 523. The conducting layer 521 is
transparent whereas the conducting layer 523 is reflecting (or contains a reflecting
sublayer). Likewise, module 530 also contains conducting layers 531 and 533. The
conducting layer 533 is transparent whereas the conducting layer 531 is reflecting (or
contains a reflecting sublayer)

[0045] FIG. 6 further shows another embodiment of this invention, in which an
arrangement or array 600 of bifacial cells 501 is provided. This arrangement 600 operates
in a manner similar to arrangement 400 depicted in FIG. 4 except that bifacial cells 501

are employed instead of the cells 430, which are formed form individual modules 410 and
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420. The cells 501 are angled and positioned with respect to each other and the solar light
beam 601 such that a portion of light 602 that is not absorbed in the top module of one
cell 501 is reflected and absorbed in the bottom module of an adjacent cell 501. Such an
array functions similarly to an array of two-junction tandem cells 301, thus achieving all
the advantages of a multi-junction photovoltaic device. However, the arrangement 600
provides additional benefits because it is much simpler to manufacture a bifacial cell 501
in comparison to the tandem cell 301. Since no additional requirements are imposed on
modules 520 and 530 in a bifacial cell 501, each module can be optimized and
manufactured to achieve their best possible performance. In contrast, a tandem cell 301
requires at least one of its constituent modules to be transparent (e.g. module 310), which
typically complicates its manufacturing and reduces its efficiency. Furthermore, the
thickness of absorber layers in each module may be significantly reduced, since the light
is reflected in each module and thus passes through each absorber layer twice. This
reduction in the amount of relatively expensive absorber material in the solar cell very
effectively lowers the manufacturing cost of a multi-junction array 600 and more than
compensates for the additional solar cell area that is required because of the tilted
orientation of the cells 501 with respect to the incoming optical energy.

[0046] In some embodiments the apparatus described above and shown in FIG. 6 may be
modified to further include a frame and a light tracking mechanism, which would allow
repositioning the array 600 for its best angular orientation with respect to the light source,
¢.g. the sun.

[0047] In some embodiments the absorber materials in the bifacial cell 501 contain active
polycrystalline semiconductor materials based, for example, on a CIGS (Copper Indium
Gallium Selenide) material system or a related alloy, and the corresponding junctions are
produced using single-junction designs known in the art. By varying the In and Ga
relative concentrations the bandgaps in the absorber layers 522 and 521 may be adjusted
to about 1.6eV and about 1.1 eV, respectively. The thickness of each layer may be in the
range of 0.5 to 10 microns, but preferably in the range of 1 to 2 microns.

[0048] In some embodiments the transparent conducting layers 521 and 533 may be
formed from thin layers of ITO or ZnO with a thickness in the range of 0.1 to 5 microns.
The reflecting conducting layers 523 and 531 may be formed from one or more metals

that serve as broadband optical reflectors that specularly reflect light. In some cases the
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reflecting conducting layers will preferably reflect more than 50% of the incident light,
and more preferably more than 90% of the incident light. Illustrative metals that may be
used include Mo, W, Au, Al or Ta, as well as combinations thereof. In some
embodiments the metals layers may have a thickness in the range of 0.01 to 1 microns.
Furthermore, modules 520 and 530 may also contain additional buffer layers, such as, for
example, a thin CdSe layer with a thickness in the range of 10 to 1000nm.

[0049] In yet other embodiments the apparatus described above and shown in FIG. 5 may
be modified so that the active semiconducting material used in producing one or more
junction layers is a material other than a CIGS-based material. This material may be, for
example, CdTe. In another version of this embodiment this material may be a
semiconducting polymer material, such as for example poly-phenylene-vinylene and its
derivatives. A variety of other known and previously mentioned semiconducting
materials may be chosen without departing from the scope of the invention. These include
amorphous and nanocrystalline silicon, alloys of silicon and germanium, and germanium,
which can be deposited in thin film form. Several III-V compound semiconductor
materials are suitable as well, such as for example GaAs, GalnP and others.

[0050] In some embodiments the apparatus described above and shown in FIG. 5 can be
modified to ensure that all device layers are optically smooth and produce negligible light
scattering and good specular reflection.

[0051] In yet other embodiment the apparatus described above and shown in FIG. 5 can
be modified to include thin gold conducting layers, which simultaneously provide
excellent electrical conduction and high optical reflectivity across a wide spectral range.
Similarly, a thin silver metal layer can be used for the same purpose.

[0052] In some embodiments a method is provided for producing a bifacial multi-
Junction photovoltaic cell 701 as shown in FIG. 7, for example, by attaching two single-
Junction photovoltaic modules 710 and 720 together. The modules 710 and 720 may each
have their own individual substrates, which can attached to one another so that the two
substrates are in direct contact with one another. The attachment could be produced by
various known methods, including but not limited to gluing, lamination, bonding, welding
and soldering.

[0053] In yet other embodiments a method is provided for producing a bifacial multi-

junction photovoltaic cell 801 as shown in FIG. &, for example by co-depositing two
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single-junction photovoltaic modules 810 and 820 together on the same transparent
carrier substrate 805. The modules 810 and 820 may be electrically connected in series or
alternatively, may be electrically insulated from each other by, for example, insulating
layer 815. The layer 815 may also be optically opaque.

[0054] In yet other embodiments, such as shown in FIG. 9, the apparatus described above
and shown in FIG. 6 can be modified to further include an additional array 900 of bifacial
cells 901, each consisting primarily of a top module 910 and a bottom module 920. In
this case, a part of the light 903 reflected from the module 530 of the cells 501 may be
absorbed by the modules 910, and the remaining reflected part of light 904 may then be
absorbed by the modules 920. The absorber bandgap of the module 910 is preferably
smaller than those of modules 520 and 530. Also, the absorber bandgap of the module
920 is preferably smaller than that of the module 910. The functionality of such an
apparatus is analogous to the functionality of a four-junction photovoltaic device.

[0055] In yet other embodiments the apparatus described above and shown in FIGs. 6 and
9 can be generalized to further include any number N of similarly positioned additional
arrays of bifacial cells, each one of them intercepting, absorbing and converting into
electrical energy parts of light that are unabsorbed and reflected by the preceding arrays.
The functionality of such an apparatus is analogous to the functionality of a multi-
Junction photovoltaic device with 2N junctions.

[0056] In yet other embodiments the apparatus described above and shown in FIG, 6 can
be modified to further include an additional array 1000 of cells 1001, consisting primarily
of a top module 1010 as shown in FIG. 10. The absorber bandgap of the module 1010 is
preferably smaller than those of modules 520 and 530 in cells 501. Light reflected by the
cells 501 can be absorbed by module 1010.

[0057] In yet other embodiments the apparatus described above and shown in FIG. 6 can
be modified to include an array 1100 of curved bifacial cells 1110 as shown in FIG. 10,
each consisting of a top module 1120 and a bottom module 1130. This arrangement may
provide a better light collection efficiency and higher angular tolerance to the array
orientation with respect to the light beam 1101. The light 1102 reflected off the module
1120 may be focused on to the adjacent module 1130, so that the beam spot produced by

light 1102 may substantially overlap the module 1130 area for various angles between the
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array 1100 and the light beam 1101. The shape of the curvature produced by the cells
1110 may be represented by a two-dimensional parabolic shape, such as a trough.

[0058] In yet other embodiments the apparatus described above and shown in FIG. 11
may be modified so that the shapes of the cells 1110 are cylindrical in at least one
dimension as shown in FIG. 12.

[0059] In yet other embodiments the apparatus described above and shown in FIG. 6 may
be modified to further include a foldable frame 1350, as shown in FIG. 13. The frame
1350 may allow folding an array (e.g. for storage and transportation), repositioning of
bifacial cells with respect to each other (e.g. to improve light collection efficiency),
moving an array of cells as a whole for better orientation with respect to the light source,
and other mechanical functions.

[0060] In yet other embodiments the apparatus described above and shown in FIG. 6 may
be modified to further include four individual electrical outputs 1410 for each cell 1401 in
the array 1400 shown in FIG. 14. The four electrical outputs 1410 represent two pairs of
electrical connections for the two constituent modules of the bifacial cell 1401. The
outputs 1410 may be further connected to at least one common bus, but preferably four
different common busses 1420 as shown in FIG. 14.

[0061] In yet other embodiments the apparatus and method described above and shown in
FIG. 14 may be modified so that two of electrical outputs may be shorted or connected to
the ground without loss of device functionality.

[0062] In yet some other embodiments the apparatus and method described above and
shown in FIG. 14 may be modified so that at least one electrical contact pair from a
module is connected to an individual electrical grid, which improves conversion
efficiency of the whole photovoltaic film.

[0063] In yet some other embodiments the apparatus and method described above and
shown in FIG. 14 may be modified so that each electrical contact pair from the
corresponding module is connected to an individual electrical grid, which improves
conversion efficiency of the whole photovoltaic film.

[0064] In yet other embodiments the apparatus and method described above and shown in
FIG. 14 may be modified so that each electrical contact pair from corresponding junction

layers is connected to a DC-to-DC voltage converter.
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[0065] In yet other embodiments the apparatus and method described above and shown in
FIG. 14 may be modified so that each electrical contact pair from corresponding junction
layers is connected to a DC-to-AC voltage converter.

[0066] In yet some other embodiment the apparatus and method described above and
shown in FIG. 14 may be modified so that each electrical contact pair from corresponding
junction layers is connected to a voltage converter. Each voltage converter may convert a
different junction voltage to a common voltage. In this way all the junction layers may be
connected in parallel without loss of functionality, thus providing only two output
terminals.

[0067] In yet other embodiment the apparatus and method described above and shown in
FIG. 14 may be modified so that at least one of the modules is subdivided into different
sections and electrically connected in series to provide a higher output voltage.

[0068] In yet some other embodiments the apparatus and method described above and
shown in FIG. 14 may be modified so that each of the two modules is subdivided into
different sections and electrically connected in series to provide a higher output voltage.
Furthermore, in some other embodiments the number of sections in each module may be
chosen so as to provide substantially the same output voltage. As a result of such voltage
matching, the electrical outputs of the two modules may be connected in parallel, thus
providing two output electrical terminals and simplifying electrical interconnections
without limiting the device performance.

[0069] In yet other embodiments the apparatus and method described above and shown in
FIG. 14 may be modified so that ecach or some of the two modules include one or several
bypass diodes for the electrical protection of the modules or subdivided sections thereof
against large currents either in forward or reverse bias.

[0070] In yet other embodiments the apparatus and method described above and shown in
FIGS. 4-14 may be modified so that some of the modules include additional dielectric
layers, which may selectively reflect various portions of the incident optical energy. For
example, in some embodiments a highly reflecting high-pass optical filtering layer may
be deposited on the top modules (e.g. modules 410 in FIG. 4), in order to provide better
reflection of the light at low photon energies (e.g. light 402). Furthermore, in some other
embodiments, this reflecting layer may reflect a part (preferably, a small part) of light
with high energy photons, in order to provide effective light soaking for the bottom

13
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modules (e.g. modules 420). Alternatively, this layer may be optimized to provide very
low optical reflection (preferably, less than 2%) in the spectral region of interest, e.g. the
visible range.

[0071] Variations of the apparatus and method described above are possible without

departing from the scope of the invention.
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Claims

What is claimed is:
1. A photovoltaic device, comprising:

a plurality of photovoltaic cells disposed in an array in which each cell is adjacent
to another cell, each of the cells including first and second photovoltaic modules;

said first photovoltaic module of each cell being configured to convert a first part
of light energy incident thereon into electrical energy and to reflect to the second
photovoltaic module of an adjacent cell at least some of a remaining portion of light
energy incident thereon;

said second photovoltaic module of each cell being configured to convert into
electrical energy the remaining portion of the light energy received from the first

photovoltaic module of an adjacent cell.

2. The photovoltaic device of claim 1 wherein the first and second

photovoltaic modules in at least one of the cells are monolithically integrated.

3. The photovoltaic device of claim 1 wherein the first part and the remaining

portion of the light energy are spectrally different parts of the optical energy.

4. The photovoltaic device of claim 1 wherein at least 50% of the remaining
portion of the light energy is specularly reflected to the second photovoltaic module of the

adjacent cell.

5. The photovoltaic device of claim 1 wherein at least 90% of the remaining
portion of the light energy is specularly reflected to the second photovoltaic module of the

adjacent cell.

6. The photovoltaic device of claim 1 further comprising a plurality of third

photovoltaic modules each being configured to receive and convert to electrical energy a
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portion of any light energy reflected by a respective one of the second photovoltaic

modules.

7. The photovoltaic device of claim 1 wherein the first photovoltaic modules
have an absorber layer with a larger bandgap than an absorber layer in the second

photovoltaic modules.

8. The photovoltaic device of claim 6 wherein the third photovoltaic modules
have an absorber layer with a bandgap that is smaller than the bandgap of the absorber

layers in the first and second photovoltaic modules.

9. The photovoltaic device of claim 1 further comprising a plurality of
additional photovoltaic modules being located downstream from the plurality of
photovoltaic cells, each of the additional modules being configured to receive and convert
to electrical energy a portion of light energy reflected by a respective one of the

photovoltaic cells located upstream.

10. A photovoltaic device, comprising:

a substrate;

a first photovoltaic module having a first semiconductor absorber layer and
a first reflecting conducting layer disposed on the first semiconductor absorber
layer;

a second photovoltaic module having a second semiconductor absorber
layer;

wherein said first and second modules are attached to said substrate, said
first and
second modules being configured to respectively convert first and second parts of

optical energy into electrical energy, said first reflecting conducting layer being

configured to reflect at least a portion of the second part of the optical energy.

11.  The photovoltaic device of claim 10 wherein the first and second parts of

the optical energy are spectrally different parts of the optical energy.
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12.  The photovoltaic device of claim 10 wherein the second photovoltaic
module includes a second reflecting conducting layer disposed on the second absorber

layer.

13.  The photovoltaic device of claim 10 wherein the first and second modules

are attached to opposing sides of the substrate.

14.  The photovoltaic device of claim 13 wherein the first and second reflecting
conducting layers are disposed between first and second absorber layers, respectively, and

the substrate.

15.  The photovoltaic device of claim 10 wherein the first and second modules

have a nonplanar configuration.

16.  The photovoltaic device of claim 15 wherein the first and second modules

have a cylindrical or parabolic configuration in cross-section.

17. A method of converting optical energy to electrical energy, comprising:
receiving a first amount of optical energy from an energy source;
converting at least a portion of the first amount of optical energy to
electrical energy;
reflecting another portion of the first amount of optical energy to a
downstream photovoltaic cell;

receiving a second amount of optical energy reflected from an upstream
photovoltaic cell; and

converting at least a portion of the second amount of optical energy to

electrical energy.

18.  The method of claim 17 wherein the first amount of optical energy is
located at wavelengths shorter than wavelengths at which the second amount of optical

energy is located.
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