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LIGHT-GUIDE SOLAR MODULE, METHOD OF FABRICATION

THEREOF, AND PANEL MADE THEREFROM

FIELD OF THE INVENTION

[0001] The present invention relates to light-guide concentrated photovoltaic

(LG-CPV) solar modules, and, in some embodiments, to solar panels made of such

modules.

BACKGROUND OF THE INVENTION

[0002] Solar panel assemblies having photovoltaic (PV) cells arrayed over a

large surface area directly exposed to the sun are known. However, PV cell material

is expensive and solutions have been sought to reduce the amount of PV cell material

required in solar panels. One of these solutions makes use of concentrating optical

elements, such as lenses and mirrors, to concentrate sunlight on a smaller surface area

occupied by a correspondingly smaller PV cell. Given that the concentrating optical

elements all have a non-zero focal length, they make for concentrated photovoltaic

(CPV) modules that are typically bulkier than their non-concentrating counterparts.

This bulkiness is disadvantageous not only in terms of the handling of the CPV

modules, but also in terms of material costs. It is possible to obtain less bulky CPV

modules while maintaining the same concentration factor by reducing the size of the

PV cell; however, dicing PV cells into smaller cells increases the complexity and cost

of the modules.

[0003] Additionally, present CPV modules typically require that the

concentrating optical elements be secured in a complex structural enclosure to hold all

the elements in place. This invariably adds to the weight and cost of the CPV

modules, and makes for either stricter shipping requirements to mitigate risk of

breakage of the assembled CPV modules, or requires that the CPV modules be

shipped disassembled to their destination, thereby requiring assembly time and effort

at the receiving destination.

[0004] Improvements in CPV modules are therefore desirable.



SUMMARY OF THE INVENTION

[0005] It is an object of the present invention to ameliorate at least some of the

inconveniences present in the prior art.

[0006] It is an object of the present invention to obviate or mitigate at least

one disadvantage of previous solar concentrators.

[0007] In a first aspect, the present invention provides light-guide solar

modules and methods of fabrication thereof.

[0008] In a second aspect, the present invention provides a solar cell receiver

assembly.

[0009] In a third aspect, the present invention provides a light-guide solar

panel for medium concentration of sunlight.

[0010] Embodiments of the present invention each have at least one of the

above-mentioned objects and/or aspects, but do not necessarily have all of them. It

should be understood that some aspects of the present invention that have resulted

from attempting to attain the above-mentioned objects may not satisfy these objects

and/or may satisfy other objects not specifically recited herein.

[001 1] Additional and/or alternative features, aspects, and advantages of

embodiments of the present invention will become apparent from the following

description, the accompanying drawings, and the appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] For a better understanding of the present invention, as well as other

aspects and further features thereof, reference is made to the following description

which is to be used in conjunction with the accompanying drawings, where:

[0013] Fig. 1 shows a detailed cross section of an LG-CPV solar module being

an embodiment of the present invention,

[0014] Fig. 2A shows a cut away perspective view of the LG-CPV solar

module similar to Fig. 1 in three dimensions (shown with a heatsink);

[0015] Fig. 2B shows top plan view of the LG-CPV solar module shown in

Fig. 2A,

[0016] Fig. 2C shows a cross-section view of the LG-CPV solar module

shown in Fig. 2A taken along the line 2C—2C in Fig.2A,

[0017] Fig. 2D shows a cross-section view of the LG-CPV solar module

shown in Fig. 2 taken along the line 2D—2D in Fig. 2A,



[0018] Fig. 3 shows a string of light-guide solar modules of Fig. 2A forming a

panel,

[0019] Figs. 4A, 4B, 4C and 4D show fabrication considerations for a single

functional unit of an embodiment of an LG-CPV module of the present invention,

[0020] Figs. 5A, 5B, 5C, 5D, 5E, 5F, 5G and 5H show further fabrication

considerations for light-guide layers of embodiments of the present invention,

[0021] Figs. 6A, 6B and 6C show issues related to misalignment of light-guide

solar module layers of embodiments of the present invention,

[0022] Figs. 7A, 7B, 7C and 7D show how prestressed parts can help maintain

alignment between layers in embodiments in the present invention,

[0023] Figs. 8A and 8B further show how prestressed parts can help maintain

alignment between layers in embodiments in the present invention,

[0024] Fig. 9A shows a cross-sectional detailed view of a PV cell receiver

assembly of an embodiment of the present invention,

[0025] Fig. 9B shows a close-up cross-section view of the area in Fig. 9A

indicated by the circle 9B,

[0026] Figs. 1OA, 1OB, 1OC, 1OD and 1OE show further details regarding a PV

cell receiver assembly of an embodiment of the present invention,

[0027] Figs. HA, HB, H C and H D shows a mask on the PV cell of an

embodiment of the present invention made of a low index film,

[0028] Figs. 12A and 12B show how a mask of the type of Figs. 1IA-I ID

functions to stop light loss in an embodiment of the present invention,

[0029] Figs. 13A and 13B show four quadrant non-rotationally symmetric

designs of embodiments of LG-CPV modules of the present invention,

[0030] Figs. 14A, 14B, 14C, 14D and 14E show details regarding four

quadrant design of embodiments of LG-CPV modules of the present invention,

[0031] Figs. 15A, 15B and 15C show details regarding secondary optic

designs of various embodiments of the present invention,

[0032] Fig 16 shows a block diagram of a medium concentration design using

a LG-CPV solar module of an embodiment of the present invention,

[0033] Fig. 17 shows a typical solar panel of the prior art,

[0034] Figs. 18A & 18B shows two embodiments of LG-CPV solar panel of

the present invention for medium concentration,



[0035] Fig. 19A shows a cross sectional view of a single optic and a single PV

cell being an embodiment of the present invention,

[0036] Fig. 19B shows a close-up view of the area in Fig. 19A indicated by

the circle 19B,

[0037] Fig. 2OA & 2OB shows perforated low index films being embodiments

of the present invention,

[0038] Fig. 2 1A cross-sectional view of an LG-CPV module of an

embodiment of the present invention;

[0039] Fig. 2 1B shows a light-guide solar panel with a heat sink formed of

LG-CPV modules of Fig. 21A,

[0040] Fig. 22 shows a cross-section view of another embodiment of a LG-

CPV module of the present invention with a heat sink,

[0041] Fig. 23A, 23B and 23C show a close up cross sectional view of another

embodiment of a single optic and a single PV cell of the present invention,

[0042] Fig. 24 shows another embodiment of a light-guide solar panel with a

secondary reflecting surface for spreading out the light,

[0043] Fig. 25A shows an embodiment of a LG-CPV module of the present

invention where the top facets and the bottom face of the light-guide layer converge,

[0044] Fig. 25B shows a close-up view of the area in Fig. 25A indicted by the

circle 25B, and

[0045] Fig. 26 shows another embodiment of a light-guide solar panel.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0046] Generally, the present invention provides a solar energy system that

uses at least one light-guide concentrated photovoltaic (LG-CPV) solar module that

receives light at an input surface. The received light is trapped inside a dielectric, or

other transparent panel, which propagates the light towards an output surface that is

substantially parallel to the input surface. A photovoltaic cell harvests the light at the

output surface.

[0047] An exemplary embodiment of the LG-CPV solar module of the present

invention is shown at reference numeral 998 of fig. 1. The LG-CPV solar module is

made using a deflecting layer 1000 made of a moulded polymer for receiving incident

sunlight 1002 and inserting it into the light-guide layer 1004, which is made of a

moulded polymer for trapping light and conducting it in a slab light-guide towards a



central photovoltaic cell 1006. In the center near the cell, in place of the light-guide

layer there is a secondary optic 1008. This secondary optic is either made of a

material capable of withstanding high flux densities such as glass, moulded silicone,

or a moulded polymer. The interface 1010 between the glass secondary optic and the

light-guide layer is made using an optical bonding agent, such as transparent silicone,

in order to minimize the Fresnel back reflections that can occur at this interface.

Alternately, the secondary optic and the light-guide layer can be moulded during the

same step in a co-moulding operation. The secondary optic has a curved face 1012

that, on reflection, focuses light traveling in the secondary optic down onto the

photovoltaic cell. This face can be mirrored, or, a mirror coating can be applied to an

adjacent component that conforms to the face 1012. The interface between the

secondary optic and the PV cell 1014 is made using an optical encapsulant. This

performs the dual function of protecting the PV cell from moisture or contamination

by encapsulating it and minimizes Fresnel back reflections at this interface. The

optical encapsulant can be made out of silicone, especially a silicone that does not

harden significantly in order to avoid creating stress on the PV cell due to mismatched

coefficients of thermal expansion between the secondary optic and the cell. The PV

cell sits on a printed circuit board 1016. This printed circuit board can be made using

ceramic which is matched in terms of coefficient of thermal expansion with the PV

cell. Often with triple junction cells, the cells are mounted on a printed circuit board

with a bypass diode. Because there is very little space between the PV cell and the

optics, the bypass diode 1018 can be mounted on the backside of the printed circuit

board.

[0048] A practical realization of the design from Fig. 1 is shown in a

perspective cross-sectional view in Fig. 2A. The deflecting layer 1000, the light-

guide layer 1004, the secondary optic 1008, and the printed circuit board (PCB) 1016

are all held in place by a tray 1020. The tray can be made by moulding, and it can be

made out of a polymer with the same coefficient of thermal expansion as the

deflecting layer and the light-guide layer. In this way, the three largest components

will have the same coefficient of thermal expansion, which will enable them to

expand at the same rate and maintain alignment with each other while also not

experiencing excessive stress. Furthermore, if the three components are made of the

same material, or of materials that are compatible, they can be welded or bonded at

their outer flange 1022. All three moulded pieces, the deflecting layer, the light-guide



layer, and the tray, can have flanges that allow them to be ejected from the mould and

this same flange can be used to bond the components together. The light-guide layer

can also be smaller than the other components so that the deflecting layer bonds

directly to the tray effectively sandwiching the light-guide layer in place and sealing it

in place. The module 998 made of optics, a tray and cell can be mounted on a

heatsink 1024. The heatsink shown is an extruded aluminum heatsink. A channel

1026 is left for the diode on the bottom of the PCB and can also be used to conduct

wires between neighboring light-guide solar modules 998. The bottom of the PCB

passes through a hole in the tray and makes contact with the heatsink. The PCB is

connected to the heatsink using a thermally conductive agent, such as a thermal

epoxy, thermally conductive silicone, thermal grease, or another thermal conductive

agent. The remaining gap between the heatsink and the tray can be filed with gap

filler that has adhesive properties, such as a urethane or silicone based material.

Additional hardware, such as screws, rivets, or bolts, can be used to join the panels

998 to the heatsink 1024. For example, fasteners are shown in Fig. 2C and Fig. 2D

1025 that go through holes 1027 in the heatsink.

[0049] Multiple panels 998 can be so mounted onto a single heat sink 1024 to

make a row of modules or a string to form a solar panel, such as shown in the

exemplary embodiment of Fig. 3. The groove in the heatsink that allows for the

diodes can be used to conduct wires from one printed circuit board to the next so that

at the ends of the string electrical leads 1028 may come out for electrical

interconnection with more strings and into larger solar panel arrays.

[0050] During the assembly of the LG-CPV module, it is key that the

deflecting layer and the light-guide layer are maintained in close contact at all points

along their facing surfaces. This is because the functional units on the light-guide

layer and on the deflecting layer must work together, the light-deflecting layer must

focus the light so that it is incident on the insertion facets of the light-guide layer and

so that it passes through the exit apertures into the light-guide layer.

[0051] Consider the functional units from Figs. 4A, 4B, 4C, and 4D. The

functional unit 1030 consists of a deflecting component 1032 acting in total internal

reflection (TIR) that takes incident light 1002 and focuses it to near a point 1034. A

convex element 1036 partially focuses the incident light 1002 onto a deflecting

surface 1038 acting in TIR, which focuses the light to near the same focal point 1034.



[0052] This point 1034 is inside the light-guide layer 1004, and just beyond an

insertion facet 1040. Note that the aperture that the light must pass through to enter

the light-guide layer is denoted by the dashed line 1042 and not by the insertion facet

1040. Denoting the downstream direction by the arrow 1044 the aperture is defined

by an imaginary line 1042 drawn from the end-point 1046 of one the top facet 1048 of

the light-guide layer to a point 1050 on the next downstream top facet 1052 of the

light-guide layer. The acute angle X degrees 1054 that the line 1042 makes with the

top facets 1048 and 1052 (which are parallel with each other) is chosen such that the

steepest ray 1056 traveling in the light-guide layer (the ray which reflects of the

bottom facet 1058 and the top facets the closest to normal) makes an acute angle with

the top facets less than or equal to the angle made by the line defining the aperture.

An exemplary ray 1056 is shown which is parallel to the line defining the aperture; a

second exemplary ray 1060 is shown whose acute angle with the top or bottom facets

is less than that of the line defining the aperture. Having a ridge 1062 on the insertion

facet 1040 of the light-guide layer is important. If there is no ridge, such as is shown

in Figs. 4C & 4D then the effective aperture is reduced to the size of the insertion

facet 1062 which is smaller than the effective aperture 1042 when there is a positive

ridge such as in Figs. 4A & 4B. The effect of shrinking the aperture is that some rays,

such as for example 1064, which were previously coupling into the light-guide layer

will now strike the top facet 1052 instead of an insertion facet (1040 or 1062) and as

such will be at an angle such that it will not TIR inside the light-guide layer and will

instead escape. Shrinking the aperture also reduces the angular acceptance of the

system.

[0053] Using an insertion element on the light-guide layer that features a ridge

1062 or a bump is advantageous from a manufacturing perspective. Consider Figs.

5A-5G. Fig. 5A shows a portion of a mould 1066 to make a light-guide layer. The

mould features optically polished surfaces 1068 and 1070 to produce the top of the

light-guide layer that correspond to the surface 1048 and 1052 from Fig 4B. The

mould also features an optically polished surface 1072 to produce the insertion facet

1040. Fig. 5B shows how the mould would appear if the polymer, 1074, completely

filled the mould. However, as is well understood in injection moulding it is typical

for air to become trapped inside the mould, as is shown at 1076 in Fig. 5C. This

deforms the produced part 1078 shown in Fig. 5D when compared with the mould.

However, as shown in Fig. 5D, the functional portions, being the top facets 1048,



1052, the insertion facet 1040, and the aperture 1042, are still properly formed. By

contrast, consider the mould 1080 in Fig. 5E which attempts to produce a square step.

When the polymer 1074 fills the mould if a small amount of air 1082 is trapped it will

round off the insertion facet 1062. This shrinks the effective portion of the insertion

facet 1062 by an amount indicated by 1084. This reduction in insertion facet size

increases the required manufacturing tolerances and reduces angular acceptance by

requiring that light focus through a very small window. When a bump or ridge is

used, by contrast, the aperture for insertion into the light-guide layer remains wide

irrespective of manufacturing.

[0054] It is important for the light-guide layer and the deflecting layer to be in

close contact with each other for purposes of alignment. This is because each

functional unit, as shown in Fig. 4A-4D, consists of a set of deflecting elements

aligned with a light insertion facet and aperture on the light-guide layer. In an actual

part there may be a large number of functional units. Each deflecting element in the

functional unit must focus light through the corresponding insertion facet and entrance

aperture on the light-guide layer. If the separation distance or the lateral positioning

between the light-guide layer and the deflecting layer falls outside of the tolerances of

design then the light which is deflected and focused by the deflecting layer will not

enter into the light-guide layer via the insertion facets. Figs. 6A-6C show the same

functional unit as shown in Fig. 4A-4D but with misalignments between the

deflecting layer and the light-guide layer functional unit. Fig. 6A shows a vertical

offset 1086 which leads to some of the light entering the light-guide layer to strike the

facet 1088 which could potentially lead to its failure to couple into the light-guide.

Fig. 6B shows a lateral offset 1090 that can lead to some rays striking the top of the

light-guide layer 1042 at the point 1092. This can lead to a failure to couple light into

the light-guide. Fig. 6C shows a lateral offset 1094 that can lead to some rays 1096

missing the insertion facet 1040 and the aperture 1042. In all cases, excessive offsets

can lead to light not passing through the insertion aperture 1042 and not coupling into

the light-guide, however there is clearly a tolerance to small displacements and

imperfections that occur during fabrication.

[0055] In order to maintain all the elements on the light-guide layer and all the

elements on the deflecting layer in proper alignment, one can take advantage of

certain characteristic of the injection moulding process. Figs. 7A-7D show an

example of how. During injection moulding it is challenging to produce very flat



parts however one can very easily make parts with a bow 1098, and one can chose the

direction of that bow such as is shown in Fig. 7A. The deflecting layer 1000, the

light-guide layer 1004 and the tray 1020 are all made with varying degrees of bow,

with the tray being the flattest part and the deflecting layer being the most curved.

The tray can be made extremely flat because it does not have to be transparent,

whereas the deflecting layer and the light-guide layer need to be optically clear and

therefore material and processing choices are more limited. The light-guide layer

1004 is brought into contact with the tray such that it touches at the points 1100. It is

pulled down 1102 such that it conforms to the tray. The deflecting layer 1000 is

brought into contact with the light-guide layer at the points 1104 and it is similarly

pulled down 1106 so that it conforms to the light-guide layer. The seam 1022 where

the three parts meet can be welded or fastened mechanically, and all three parts will

maintain their alignment. Although not shown in Figs. 7A-7C the secondary optic

1008 can be bonded to the light-guide layer 1004 prior to this assembly process so

that the final assembly includes the secondary optic 1008 as well.

[0056] It is possible to achieve good parallelism between the deflecting layer

and the light-guide layer in the absence of the tray by a similar means. As shown in

Figs. 8A & 8B the deflecting layer 1000 can be bowed in a similar manner as before.

The parts can brought into contact 1108 and pulled together 1110, with the seams

1112 bonded in any suitable manner. The combined parts will have good parallelism

and maintain contact throughout, but might maintain a slight bow 1114.

[0057] A photovoltaic cell, mounted on a cell receiver assembly, is connected

to an LG-CPV module. This connection is shown in Figs. 9A & 9B. The tray 1020

can have a ledge 1116 for the PCB 1016 to sit on. A butyl based sealant 1118, or

another sealant, can be applied in the space between the PCB and the tray to seal the

unit. A silicone encapsulant 1020 is used to bond the PV cell 1006 to the secondary

optic 1008. The same silicone can hold the mirrored insert component 1022 in

position. Because the tray's bottom 1024 is lower than the bottom of the PCB 1026,

in order to make it simpler to thermally bond the PCB to the heat-sink so that heat due

to light absorbed at the PV cell can be dissipated, a block of thermally conductive

material, such as a block of copper 1028, can be attached to the bottom of the PCB.

This can be attached by way of reflow soldering, welding, brazing, epoxy or another

means.



[0058] Fig. 10A-10D shows details on one PCB design including the

following components: a Dielectric Substrate 1120, a Substrate Back Contact 1122, a

Substrate Front Contact 1124, a Triple Junction Cell 1126, a Cell Back Metallization

1128, a Cell Front Metallization 1130, a Bypass Diode 1018, a Triple junction Cell to

Substrate Bond 1132, and a Cell Thermal Block 1134.

[0059] In addition to vias in the ceramic substrate, interconnection between

the front and back sides of the PCB can be made by way of jumpers, such as bands of

copper, that loop around the edge of the PCB. This can create a problem for sealing

the PCB and the Tray together, but this problem can be overcome. For example, if

copper bands are used as jumpers, these bands can be insert-moulded into the Tray.

An example of a jumper 1134 is shown in Fig. 1OE.

[0060] The glass secondary optic (or a secondary optic made of another

material such as silicone, co-polymers, or another glass replacement material) can be

bonded to the PV cell. This is in order to allow light to leave the secondary optic and

be absorbed by the PV cell; if there is no optical bond then the rays may totally

internally reflect or partially reflect at the interface between the secondary optic and

the cell. However, if this optical bond extends beyond the active area of the cell it

may cause rays to strike areas on the PCB or cell other than the active areas. These

rays may be lost due to absorption by a material other than the PV cell or scattered in

such a way as they do not later strike the PV cell. This creates a challenge for

manufacturing as the bond must be maintained very well controlled in both volume

and location, and it makes it difficult to employ the optical bonding agent

simultaneously as an encapsulating material to protect the PV cell. This is because an

encapsulating material should completely envelop the PV cell, and the optical bond

should only cover the PV cell active area that is smaller than the whole PV cell and

excludes the PV cell front side metallization and contacts.

[0061] In order to avoid this issue a low index film, such as the fluoropolymer

Teflon™ made by the DuPont company, can be employed to make a mask which

covers the cell and cell receiver assembly and which prevents light from striking areas

other than the PV cell. This is possible because low index optical materials can have

lower indices of refraction than the materials used to make the secondary optic and

the optical bonding agent, and therefore light striking the interface between either the

secondary optic and the low index film mask, or light striking the interface between

the optical bonding agent and the low index film mask, can totally internally reflect.



[0062] The position and shape of this mask is shown in Fig 11A-I ID. A low

index film mask 1136 can be cut so that it has a circular hole in the center to

correspond with a circular active area 1138 on a PV cell 1006. The film can be

brought into contact or adhered to the PCB 1016 so that it only exposes the active area

of the PV cell. Alternatively, if a PV cell 1006 is being employed that uses a

rectangular active area 1140 then the mask 1142 can be cut accordingly so that it

exposes only the rectangular active area excluding the cell bus bars 1144. The action

of this film is shown in Figs. 12A & 12B. The film 1136 is placed between the

secondary optic 1008 and the PV cell 1006. An encapsulant 1146 is allowed to

envelop the cell and can be allowed to flow onto both sides of the film, connecting it

to both the secondary optic 1008 and the PCB and cell. Light will totally internally

reflect 1148 at any interface between the encapsulant and the film. In the hole at the

center of the film, light is allowed to pass through and strike the cell active area.

[0063] The deflecting layer and light-guide layer design, such as that shown in

cross section in Fig. 1, is essentially a linear optic that has been revolved so that the

light that it collects converges to the central axis of revolution. This produces a

rotationally symmetric optic that causes all the light to converge to the central axis of

rotation where the secondary optic couples said light onto a PV cell. However, the

design could be swept in another manner such that the light does not converge to a

central axis, but instead converges to other points or does not converge at all.

Consider one example of a useful way of doing this shown in Figs. 13A & 13B. Fig.

13A shows the design for an LG-CPV module 998 that causes all the light trapped in

the light-guide layer 1150 to converge to the central PV cell 1006 where it needs to be

redirected down onto the PV cell by a secondary optic 1008. An alternative light-

guide solar panel 1152, shown in Fig. 13B could instead have four quadrants, shown

as separated by the dashed lines. The trapped light 1154 in each quadrant could

converge to the points 1156 marked by a dashed X. The secondary optic 1158 would

also be non-rotationally symmetric and would take the light from each quadrant and

combine this light onto a single, central PV cell 1006. The four quadrants could be

made by sweeping the linear optical design along circles concentric about each of the

focal points 1156 in each quadrant. The resultant arcs over which the features of the

deflecting layer and light-guide layer would follow are shown with the dotted lines

1160. Such an LG-CPV module could be made in a nearly identical fashion as the

panel already described, with the only changes being in the designs of the deflecting



layer, the light-guide layer, the tray (so that it conforms to the light-guide layer) and

the secondary optic. Everything else about materials, assembly processes, and

fabrication considerations remains the same.

[0064] Figs. 14A-14E show an example of a four-quadrant design. Fig. 14A

shows a single quadrant with a deflecting layer 1162 and a light-guide layer 1164

(tray and other components not shown). One quarter of the secondary optic 1158 is

also shown. The PV cell 1006 is shown at the center. Fig. 14B shows the four

quadrants in a light-guide solar panel 1152. Fig. 14C shows how a cross section of

one quadrant can look, with the deflecting layer 1162 inserting light into the light-

guide layer 1164, and the secondary optic 1158 employing two reflecting surfaces

1166 and 1168 with focusing power in order to couple the light from the light-guide

layer onto the cell 1006. Fig. 14D shows how the central portion 1170 of the

deflecting layer can be arced to span over the secondary optic that is taller than the

light-guide layer. Fig. 14E shows another example of a secondary optic 1172 where

two reflections 1174 and 1176 with focusing power are employed to couple light from

the light-guide onto the PV cell, however the second reflection 1176 sits on the

opposite side of the center line 1178 of the whole panel.

[0065] Other designs for secondary optics can also be considered, and a few

are shown in Figs. 15A-15C. Fig. 15A shows a secondary optic design 1180 where

three reflecting surfaces with power 1182, 1184, and 1186 are employed to couple

light from the light-guide layer 1164 to the PV cell 1006. Fig. 15B shows a

secondary optic 1188 that can be made with quadrants where one reflecting surface

1190 is made in four segments and the second reflecting surface 1192 is one

continuous surface shared by the four quadrants. Fig. 15C shows another secondary

optic 1194 where it is comprised of materials with different indices, with the outside

material 1196 having index n and the material closest to the PV cell 1198 having

index ri2. The interface 1200 made by these two materials can have focusing power

and can help to couple light from the light-guide 1164 onto the PV cell 1006. This

can be used in combination with a reflecting element 1202.

[0066] Although the secondary optics described in Figs. 14A-14E & 15A-

15C were described in reference to a four quadrant design, all could just as

equivalently be used in a circularly symmetric design as has been described in

previous submissions of this patent family.



[0067] A different challenge is presented when one tries to do low

concentration with a thin LG-CPV module onto a relatively large cell. Consider Fig.

16, showing a block diagram view of an LG-CPV module. The top of the panel 2000

has zones A that collect light and conduct that light in the light-guide 2002 by total

internal reflection, concentrating it so that it passes through a zone B that has less area

than zone A. Then the light is spread across a third zone C onto a PV cell 2004.

Light incident on a fourth zone D on top of the PV cell will pass through the LG-CPV

module without being subject to total internal reflection and will strike the cell

directly.

[0068] Medium levels of concentration are very useful for silicon solar cells

such as those used in typical conventional solar panels. A typical conventional solar

panel 2100 is shown in Fig. 17. Typical conventional solar panels use silicon

photovoltaic cells 2102 and a glass sheet cover sheet 2104, as well as an aluminum

frame 2106. Typical conventional solar panels are expensive primarily because

photovoltaic cells are expensive. Concentrated photovoltaics can be less expensive

because they replace the expensive photovoltaic cells with less expensive optics.

[0069] Fig. 18A & 18B show a solar panel 2107 of the present invention,

being made of an array of LG-CPV solar modules. In Fig. 18A most of the cells 2102

have been removed and replaced with LG-CPV solar modules 2108 that take incident

sunlight 2110 and redirect it towards the cells (that remain). The cover glass sheet

2104 is still in place and the majority of the panel structure is identical. Because of

the increase in sunlight at the cells, there may be a corresponding increase in heat and

therefore there may be heat sinks or other cooling on the backs of the modules in

order to enable the cells to remain cool.

[0070] Fig. 18B shows another solar panel 2111 having LG-CPV solar

modules where the PV cells 2112 are smaller than in those of panel 2107. The panel

in Fig. 18B has a higher concentration factor than the panel in Fig. 18A.

[0071] The LG-CPV solar modules of these solar panels work much like

previously described LG-CPV solar modules. One is shown in cross section in Figs.

19A & 19B. An injection moulded PMMA deflecting layer 2113 deflects and focuses

incident light 2110 into an injection moulded PMMA light-guide layer 2114 which

propagates the light through total internal reflection to a cell 2102 at the center of the

optics. In this embodiment, the light-guide layer 2114 is attached to a glass sheet

2104, the same sheet that protects the cells. Separating the glass sheet from the light-



guide layer is a sheet of low index material 2116. This low index sheet can be, for

example, a sheet of fluoropolymer such as those made by DuPont. The sheet can be

bonded optically to the PMMA of the light-guide layer and to the glass sheet 2104

using ethylene vinyl acetate, polyvinyl acetate, silicone, or another lamination

material. Because the low index sheet 2116 has a lower index than the PMMA light-

guide 2114 total internal reflections can occur, such as a points 2118. In the area

above the PV cell the low index sheet is perforated with holes 2120. These holes are

filled with a material whose index is higher than the sheet, and close to that of the

glass sheet and PMMA, so that some light traveling in the light-guide layer, such as

the ray 2122, can pass through the low index sheet and strike the PV cell 2102. Other

rays, such as ray 2123, will continue to propagate because they will reflect off the low

index sheet rather than passing through the perforation holes. Other rays, such as ray

2124, will be at a shallow angle and will be deflected downwards by a curved facet

2126 at the end of the light-guide. This reflection 2127 can be by total internal

reflection. Other rays, such as ray 2128, will be incident on the optic directly above

the PV cell and will simply pass through the various windows of the deflecting layer

and light-guide layer and low index film without being deflected and hit the PV cell.

Other rays, such as ray 2130, hit the optic directly above the small hole 2132 in the

center of the light-guide layer and will pass through the deflecting layer window and

the glass sheet to hit the PV cell. Other rays, such as ray 2134, will hit the curved

facet 2126 at the end of the light-guide layer at 2136, and they will be deflected but

still hit the PV cell.

[0072] The uniformity of light on the PV cell is determined by the perforation

pattern in the low index film. Fig. 2OA & 2OB shows low index films 2116 with

perforation holes 2120 in two configurations. As will be understood by a skilled

worker, the optimal mask configuration can be worked out using a computer

optimization routine. It is possible to make masks that provide for fully uniform light

on the PV cell, which enhances performance. The perforated film is what allows the

light-guide to be leaky; it allows some light to escape which allowing other light to

continue inside the light-guide. In this way, the concentration on the cell can be

controlled and large cells can be employed at medium concentration levels.

[0073] Fig. 21A shows a cut away three-dimensional view including a heat

sink 2140. The heat sink sits under the PV cell 2102. The PV cell is encapsulated

under a sheet of glass sheet 2104, with the low index film 2116 on top of that and the



deflecting layer 2113 and light-guide layer 2114 on top of that. The deflecting layer

is bonded to the light-guide layer at the flange 2142 of the optics.

[0074] The heat sink configuration shown in Fig. 21A could be used in

conjunction with the panels shown in Figs. 18A & 18B. Alternatively, the aluminum

heat sink could be extruded and longer than a single and serve as a support for the

module in the manner shown in Fig 2IB.

[0075] The glass sheet does not need to extend the full width of the light-guide

layer; it only needs to cover the cell. This is shown in Fig. 22. The glass sheet 2104

is smaller than the light-guide layer 2114 and only just covers the cell 2102. The

perforated low index film 2116 is only needed in the area between the PV cell and the

light-guide layer.

[0076] For greater clarity, the holes 2120 in the low index film 2116 must be

filled with a material whose index is greater than the index of the low index film.

This material inside the holes must be optically bonded to the light-guide layer and

the glass sheet in order to provide an optical path from the light-guide to the glass

sheet and make the light-guide leak.

[0077] In place of a low index film, air, which has an index of refraction of

1.0, could also be used. In this case, steps would need to be taken in order to ensure

that the air gap between then light-guide layer and the glass substrate did not collapse.

Figs. 23A-23C show some examples of this. Fig. 23A shows how an optical path can

be made between the light-guide layer 2114 and the glass 2104 if there are dimples

2146 on the bottom of the light-guide layer. These dimples make contact with and are

optically bonded to the glass 2104, and they preserve an air gap 2148. This creates

exactly the same leaky light-guide layer as a perforated low index film, with the

dimples acting as the holes in the film and the air acting as the film itself. The

dimples would be patterned on the bottom of the light-guide layer above the cell in the

same pattern that the perforations in the low index film would be.

[0078] Alternately, as shown in Fig. 23B & 23C a film 2150 whose index is

close to the index of PMMA and the glass sheet could be perforated and placed in

between the light-guide layer 2114 and the glass sheet 2104. The air 2148 in the holes

would be left in place. The film would be optically bonded to the glass sheet and the

light-guide layer, and act as an optical conduit from the light-guide layer to the glass

sheet allowing for the leaky light-guide. Rays striking the bottom fact 2152 of the



light-guide layer above where a hole is present would see a PMMA to air interface

and would totally internally reflect.

[0079] Another way to do medium concentration is shown in Fig. 24. An air

gap or low index gap 2154 is between the light-guide layer 2114 and the glass cover

sheet 2104. This allows light in the light-guide layer to totally internally reflect 2156.

A curved surface 2158 is used to reflect the light in the light-guide layer down

towards the PV cell. The curved surface spreads the light towards the PV cell 2102.

An optical bond 2160 is between the light-guide layer 2114 and the glass cover sheet

2104 so that light can pass from the light-guide layer through the glass cover sheet to

the PV cell 2102.

[0080] Fig. 25A & 25B show another variant on the design from Fig. 24. The

top facets 2160 (shown at Fig. 24) of the light-guide layer 2114 and the bottom facets

2162 can have a slight convergence as shown by the angle 2164. As will be

understood by the skilled worker, this slight convergence causes the light rays

traveling in the light-guide layer to increase in angle of incidence 2166 slightly with

each reflection. This can eventually lead to light escaping the light-guide layer. This

was described in Fig. 6 to show that the light will eventually escape due to increased

angle of incidence. However, provided that the increase in angle of incidence is done

in a controlled manner it can be used to increase the angle of incidence of light

without causing that light to escape, and this can encourage light to strike the PV cell

towards its outside edge. This is a good thing to do for medium concentration levels

as defined in Fig. 16.

[0081] Fig. 26 shows another embodiment of a medium concentration light-

guide solar panel where the light-guide layer's bottom face 2170 is not in contact with

the glass sheet 2104 but instead is sloped leaving a substantial air gap 2172 between

the light-guide layer and the glass cover sheet. A sealant of some sort 2174 would be

employed at the edges of the light-guide layer to prevent the light-guide layer from

coming off the glass and in order to prevent dirt and other contaminants from entering

the gap.

[0082] In the preceding description, for purposes of explanation, numerous

details are set forth in order to provide a thorough understanding of the embodiments

of the invention. However, it will be apparent to one skilled in the art that these

specific details are not required in order to practice the invention. In other instances,

well-known electrical structures and circuits are shown in block diagram form in



order not to obscure the invention. For example, specific details are not provided as to

whether the embodiments of the invention described herein are implemented as a

software routine, hardware circuit, firmware, or a combination thereof.

[0083] Modifications and improvements to the above-described embodiments

of the present invention may become apparent to those skilled in the art. The

foregoing description is intended to be exemplary rather than limiting. The scope of

the present invention is therefore intended to be limited solely by the scope of the

appended claims.



CLAIMS

Claims Regarding Fabrication Details

1. Combination of a three injection moulded parts, being a deflecting layer, a

light-guide layer, and a tray with a solar cell in the center (fig 1 and fig 2)

a. The tray is a stiff element that supports the other two.

b. The seam at the edge of the unit is sealed.

c. A heat sink is attached to the bottom with multiple optics attached to

the heat sink creating a string of cells.

d. Multiple strings build into a module by staggering each neighboring

string of cells.

2 . The little bumps on the light-guide layer. These are advantageous for Angular

Acceptance and for Production (fig 4 and 5). Also, it is easier to fabricate than a step.

(fig 5)

3. Bowing the Deflecting Layer and the Light-guide Layer to ensure that they are

very parallel.

a. The tray provides a flat base against which the light-guide layer is

pressed, the light-guide layer bows away from the tray and it is pulled into alignment.

Then the deflecting layer is pulled against the light-guide layer. The light-guide layer

and the deflecting layer are subject to a force that pushes them together. This is a

spring force caused by tensioning the light-guide layer and the deflecting layer. The

force ensures good contact between the corresponding features of the deflecting layer

and the light-guide layer (fig 6,7)

b. The light-guide layer and the deflecting layer can be pre-stressed

against each other in the absence of a tray (fig 8)

Claims Regarding Cell Receiver Assembly

4 . Cell Receiver Assembly (CRA) made using a PV cell bonded to a printed

circuit board with a bypass diode on the reverse side so that it can fit against the glass

secondary optic (fig 9, 10)



a. Can have a copper block soldered to the backside to help it make

contact with an extruded heat sink.

b. Can have vias or other means of electrical connection between the

front and back sides.

c . Can be sealed to the tray using a butyl based sealing agent or another

sealing agent.

5 . Mask for the CRA made using a fluoropolymer or other low index of

refraction fi lm (fig 11)

a. Placing a mask over the CRA adhered to the CRA allows for the

silicone encapsulant which connects the optic to the cell to spill over the sides of the

cell with no risk, as TIR can occur off the silicone-fluoropolymer interface

b. Can also be placed on the optic.

Claims Regarding Alternate Optical Arrangements

6. Light-guide solar optic can be non-radially symmetric, and can have 4

quadrants. Light in the light-guide layer is converging on 4 points instead of 1 point

and the secondary glass optic combines all the light onto a single cell, (fig 12)

7. Multi-quadrant secondary optics that mix light onto one cell (fig 13)

8. Alternative secondary optics that involve two reflections before the cell (fig

14,fig 15)

Claims regarding medium concentration

9. A light-guide solar panel employing a low index film that serves as a cladding

for the bottom face of the light-guide layer but which low index film is perforated

above the PV cell and an optical pathway at an index equal to or greater than the light-

guide layer is available for some of the rays in the light-guide layer. This allows some

rays to leak out of the light-guide layer in a controlled way and provides for a uniform

illumination of the PV Cell. The perforations provide for a leaky light-guide that

allows light to leak out over the cell in a controlled rate that



10. A light-guide solar panel that is laminated directly to the cover glass sheet of a

solar panel so that the glass sheet provides alignment and structural support for the

light-guide solar panel but where a low index film between the light-guide solar panel

and the glass sheet serves as a cladding which stops light in the light-guide layer from

escaping. This permits the use of solar cells that are encapsulated under glass sheet in

the manner of typical solar panels, which ensures good reliability.
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