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(57) Abstract: One embodiment of the present invention provides a bifacial solar panel. The bifacial solar panel includes a first
transparent cover on a first side of the solar panel, a second transparent cover on a second side of the solar panel, a plurality of solar
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A respective solar cell comprises a photovoltaic structure, a first metal grid on the first side of the photovoltaic structure, which al -
lows the solar cell to absorb light from the first side, and a second metal grid on the second side of the photovoltaic structure, which
allows the solar cell to absorb light from the second side.



BIFACIAL PHOTOVOLTAIC MODULE USING
HETEROJUNCTION SOLAR CELLS

BACKGROUND

Field

[0001] This disclosure is generally related to the fabrication of solar panels. More

specifically, this disclosure is related to fabrication of a bifacial photovoltaic module using

heterojunction solar cells.

Related Art

[0002] The negative environmental impact of fossil fuels and their rising cost have

resulted in a dire need for cleaner, cheaper alternative energy sources. Among different forms of

alternative energy sources, solar power has been favored for its cleanness and wide availability.

[0003] A solar cell converts light into electricity using the photovoltaic effect. There are

several basic solar cell structures, including a single p-n junction, p-i-n/n-i-p, and multi-junction.

A typical single p-n junction structure includes a p-type doped layer and an n-type doped layer.

Solar cells with a single p-n junction can be homojunction solar cells or heterojunction solar

cells. If both the p-doped and n-doped layers are made of similar materials (materials with equal

band gaps), the solar cell is called a homojunction solar cell. In contrast, a heterojunction solar

cell includes at least two layers of materials of different bandgaps. A p-i-n/n-i-p structure

includes a p-type doped layer, an n-type doped layer, and an intrinsic (undoped) semiconductor

layer (the i-layer) sandwiched between the p-layer and the n-layer. A multi-junction structure

includes multiple single-junction structures of different bandgaps stacked on top of one another.

[0004] In a solar cell, light is absorbed near the p-n junction generating carriers. The

carriers diffuse into the p-n junction and are separated by the built-in electric field, thus

producing an electrical current across the device and external circuitry. An important metric in

determining a solar cell's quality is its energy-conversion efficiency, which is defined as the ratio

between power converted (from absorbed light to electrical energy) and power collected when the

solar cell is connected to an electrical circuit.



[0005] For homojunction solar cells, minority-carrier recombination at the cell surface

due to the existence of dangling bonds can significantly reduce the solar cell efficiency; thus, a

good surface passivation process is needed. In addition, the relatively thick, heavily doped

emitter layer, which is formed by dopant diffusion, can drastically reduce the absorption of short

wavelength light. Comparatively, heteroj unction solar cells, such as Si heterojunction (SHJ)

solar cells, are advantageous. FIG. 1 presents a diagram illustrating an exemplary SHJ solar cell

(prior art). SHJ solar cell 100 includes front grid electrode 102, a heavily doped amorphous-

silicon (a-Si) emitter layer 104, an intrinsic a-Si layer 106, a crystalline-Si substrate 108, and

back grid electrode 110. Arrows in FIG. 1 indicate incident sunlight. Because there is an

inherent bandgap offset between a-Si layer 106 and crystalline-Si (c-Si) layer 108, a-Si layer 106

can be used to reduce the surface recombination velocity by creating a barrier for minority

carriers. The a-Si layer 106 also passivates the surface of crystalline-Si layer 108 by repairing the

existing Si dangling bonds. Moreover, the thickness of heavily doped a-Si emitter layer 104 can

be much thinner compared to that of a homojunction solar cell. Thus, SHJ solar cells can provide

a higher efficiency with higher open-circuit voltage (Voc) and larger short-circuit current (J
sc

) .

[0006] In order to achieve even higher efficiency, improvements on the solar cell

structure are needed. Moreover, because in practice solar cells are interconnected, assembled,

and packaged together to form a solar panel, it is just as important to design a solar panel that can

extract as much power as possible from its solar cells.

SUMMARY

[0007] One embodiment of the present invention provides a bifacial solar panel. The

bifacial solar panel includes a first transparent cover on a first side of the solar panel, a second

transparent cover on a second side of the solar panel, a plurality of solar cells sandwiched

between the first cover and the second cover, and one or more lead wires for outputting power

generated by the solar panel. The lead wires are positioned on an edge of the solar panel without

shading the first and second sides of the solar panel. A respective solar cell comprises a

photovoltaic structure, a first metal grid on the first side of the photovoltaic structure, which

allows the solar cell to absorb light from the first side, and a second metal grid on the second side

of the photovoltaic structure, which allows the solar cell to absorb light from the second side.

[0008] In one variation on this embodiment, the solar cell is a double-sided

heterojunction solar cell, which includes a first transparent conducting oxide layer positioned on

the first side of the photovoltaic structure and a second transparent conducting oxide layer

positioned on the second side of the photovoltaic structure.



[0009] In a further variation, the first and second transparent conducting oxide layers have

different thicknesses. A thickness of the first transparent conducting oxide layer is configured for

absorption of substantially white and direct light by the photovoltaic structure, and a thickness of

the second transparent conducting oxide layer is configured for absorption of substantially

scattered or diffused light by the photovoltaic structure.

[0010] In one variation on this embodiment, the first and second metal grids have

different finger spacing.

[0011] In one variation on this embodiment, the first metal grid comprises a first edge

busbar located at an edge on the first side of the solar cell, and the second metal grid comprises a

second edge busbar located at an opposite edge on the second side of the solar cell.

[0012] In a further variation, two adjacent solar cells are arranged in such a way that a

first edge busbar on a first side of one solar cell is in direct contact with a second edge busbar on

a second side of the other solar cell, thereby facilitating a serial connection between the two

adjacent solar cells.

[0013] In one variation on this embodiment, busbars of the first and second metal grids

are covered with a light-capturing film.

[0014] In one variation on this embodiment, regions on the second cover that are not

covered by the solar cells are covered with a light-capturing film.

[0015] In one variation on this embodiment, the solar panel is frameless.

[0016] In one variation on this embodiment, the solar panel further comprises a plurality

of maximum power point tracking devices. A respective maximum power point tracking device

is coupled to a respective solar cell or a group of solar cells.

[0017] In one variation on this embodiment, the first cover comprises glass, and the

second cover comprises glass or polymer.

BRIEF DESCRIPTION OF THE FIGURES

[0018] FIG. 1 presents a diagram illustrating an exemplary SHJ solar cell (prior art).

[0019] FIG. 2 presents a diagram illustrating an exemplary double-sided tunneling

junction solar cell, in accordance with an embodiment of the present invention.

[0020] FIG. 3A presents a diagram illustrating an exemplary conventional metal grid

pattern with double busbars.

[0021] FIG. 3B presents a diagram illustrating an exemplary metal grid pattern with a

single center busbar.



[0022] FIG. 3C presents a diagram illustrating an exemplary metal grid pattern with a

single edge busbar.

[0023] FIG. 4 presents a diagram illustrating the backside of a conventional solar panel.

[0024] FIG. 5 presents a diagram illustrating the backside of an exemplary bifacial solar

panel, in accordance with an embodiment of the present invention.

[0025] FIG. 6A presents a diagram illustrating the cross-sectional view of a string of

serially connected solar cells having a single edge busbar configuration.

[0026] FIG. 6B presents a diagram illustrating the cross-sectional view of a string of

serially connected solar cells having a single edge busbar configuration.

[0027] FIG. 6C presents a diagram illustrating the cross-sectional view of a string of

serially connected solar cells having a single edge busbar configuration.

[0028] FIG. 7 presents a diagram illustrating the backside of an exemplary bifacial solar

panel, in accordance with an embodiment of the present invention.

[0029] FIG. 8 presents a diagram illustrating the backside of an exemplary bifacial solar

panel, in accordance with an embodiment of the present invention.

[0030] FIG. 9 presents a flow chart illustrating the process of fabricating a bifacial solar

panel, in accordance with an embodiment of the present invention.

[0031] In the figures, like reference numerals refer to the same figure elements.

DETAILED DESCRIPTION

[0032] The following description is presented to enable any person skilled in the art to

make and use the embodiments, and is provided in the context of a particular application and its

requirements. Various modifications to the disclosed embodiments will be readily apparent to

those skilled in the art, and the general principles defined herein may be applied to other

embodiments and applications without departing from the spirit and scope of the present

disclosure. Thus, the present invention is not limited to the embodiments shown, but is to be

accorded the widest scope consistent with the principles and features disclosed herein.

Overview

[0033] Embodiments of the present invention provide a solar panel that is optimized for

bifacial operation. More specifically, the solar panel includes a transparent glass front cover and

a transparent glass or polymer back cover. Sandwiched between the two covers are inter

connected heteroj unction solar cells, which can include double-sided heteroj unction solar cells.

The wiring of the solar panel is carefully designed to reduce or minimize shading effects on the



backside of the panel. For example, instead of using a junction box attached at the backside of

the panel, the electrical wiring that couples strings of solar cells and the components typically

included in a junction box are placed at the edge of the panel or the junction box is attached to the

backside of the panel without shading any solar cells. To increase the amount of light absorbed

by the solar cells, light-capturing films are applied to locations on the panel that are not covered

by cells and to the top surface of the busbars/tabbing ribbons. Other efforts are made to further

reduce series resistance, such as using solar cells with a single busbar configuration and arranging

such solar cells in a shingled pattern.

[0034] In this disclosure, the terms "sun-facing side" and "front-side" refer to the side of a

solar cell that receives direct sun light. The terms "the side that faces away from direct sun light"

and "backside" refer to the side opposite the sun-facing side of the solar cell. However, these

terms should not be interpreted to mean that sun light is not absorbed on the back side. The solar

cell and panel as described herein can receive light on both the front side and back side. A solar

cell can absorb scattered sun light from its back side, especially when the solar panels are

elevated from a flat surface, such as in a solar farm environment. In certain situations, such as

being placed in a desert environment, the bifacial solar panel can be mounted vertically to not

only absorb light on both sides but prevent accumulation of dust particles. In yet another

situation, such as being placed in a heavy snow environment, the bifacial solar panel can be

mounted in a flat tilt configuration and is able to significantly prevent snow build-up on the sun-

facing side, because the back side is still absorbing scattered light, thus enabling adequate heating

of the panel to melt the snow on sun-facing side.

Double-sided Heterojunction Solar Cell

[0035] It has been shown that double-sided heterojunction solar cells can provide superior

performance because the built-in heterojunction field at both surfaces of the solar cell base layer

passivates the surfaces, thus preventing recombination at both the front and back junctions.

Moreover, certain heterojunction solar cells also include quantum-tunneling barrier (QTB) layers

that can effectively passivate the surfaces of the base layer without compromising the carrier

collection efficiency, thus further improving the solar cell performance.

[0036] FIG. 2 presents a diagram illustrating an exemplary double-sided tunneling

junction solar cell, in accordance with an embodiment of the present invention. Double-sided

tunneling junction solar cell 200 includes a base layer 202, quantum tunneling barrier (QTB)

layers 204 and 206 covering both surfaces of base layer 202 and passivating the surface-defect

states, a front-side doped a-Si layer forming a front emitter 208, a back-side doped a-Si layer



forming a BSF layer 210, a front transparent conducting oxide (TCO) layer 212, a back TCO

layer 214, a front metal grid 216, and a back metal grid 218. Note that it is also possible to have

the emitter layer at the backside and a front surface field (FSF) layer at the front side of the solar

cell. Moreover, base layer 202 can include epitaxially grown crystalline-Si (c-Si) thin film or can

be a c-Si wafer. Details, including fabrication methods, about double-sided tunneling junction

solar cell 200 can be found in U.S. Patent No. 8,686,283 (Attorney Docket No. SSP10-1002US),

entitled "Solar Cell with Oxide Tunneling Junctions," by inventors Jiunn Benjamin Heng,

Chentao Yu, Zheng Xu, and Jianming Fu, filed 12 November 2010, the disclosure of which is

incorporated by reference in its entirety herein.

[0037] In general, metallic contacts are used on surfaces of a solar cell, such as metal

grids 216 and 218, to collect the current generated by the solar cell. A metal grid typically

includes two types of metal lines: fingers and busbars. Fingers are fine metal lines, usually laid

out in parallel with substantially equal distance between one another, to collect current generated

by the solar cell. Busbars are wider metal strips coupled to all the fingers to aggregate all the

collected current and facilitate coupling to external leads (such as metal tabs). Note that the

layout pattern of fingers is not limited to parallel lines. Loops, "snake" shaped layout patterns,

and other patterns can be used to reduce the chances of peeling-off of the metal grid.

[0038] In some embodiments, metal grids 216 and 218 can be arranged in various grid

patterns, including but not limited to: a conventional grid pattern with double busbars, a single

center busbar grid pattern, and a single edge busbar grid pattern. FIG. 3A presents a diagram

illustrating an exemplary conventional metal grid pattern with double busbars. FIG. 3B presents

a diagram illustrating an exemplary metal grid pattern with a single center busbar. FIG. 3C

presents a diagram illustrating an exemplary metal grid pattern with a single edge busbar. Note

that, in FIGs. 3A-3C, the finger lines are formed in a loop pattern at either end, with a "snake"

pattern in between to reduce the number of open ends or discontinuation points. Other grid

patterns are also possible. In one embodiment, in the single edge busbar configuration as

illustrated in FIG. 3C, the busbars on the front and back surfaces of the solar cell are located at

opposite edges.

[0039] One key consideration in designing the metal grids is the balance between the

increased resistive losses associated with a widely spaced grid and the increased reflection and

shading effect caused by metal coverage of the surface. In most solar cells, the metal grid on the

sun-facing side of the solar cell is designed in such a way as to optimize light absorption. On the

other hand, the metal grid on the side facing away from the sun can be optimized for minimum

series resistance. These different optimization considerations can lead to the front-side and



backside metal grids having different finger spacing. In some embodiments of the present

invention, the finger spacing is smaller on the backside of the solar cell than on the front-side of

the solar cell. The existence of the front and back junctions of double-sided tunneling junction

solar cells means that such solar cells are inherently bifacial. Using a metal grid (such as metal

grid 218 shown in FIG. 2) as the backside electrode can effectively enable more light to be

collected from the backside of such solar cells. More specifically, the spacing between the grid

lines enables light to enter the solar cell from its backside. One can observe increased photo-

generated current when the backside electrode is a metal grid instead of the conventional metal-

sheet electrode, even though the solar cells are placed in a solar panel that has an opaque backside

cover. This is because light that passes through the solar cells is reflected by the opaque (often

white) backside cover (also called a back sheet) back into the solar cell through the backside

metal grids.

[0040] In addition to designing the front and back metal grids to optimize the

performance of the bifacial solar cells, one can also adjust the thickness of the front and back

TCO layers to maximize light absorption. For example, the front-side of the solar cell in general

receives direct sunlight, which can be considered white light; hence, it is desirable to design the

front-side TCO layer to optimize the absorption of white light. The front-side TCO layer has a

thickness of approximately 100 - 1200nm. In one embodiment, the front-side TCO layer is

approximately 700 nm thick. The backside of the solar cell receives mostly scattered or diffused

light, which has more shorter-wavelength component. Thus, it is desirable to design the backside

TCO layer to optimize the absorption of light with shorter wavelength (i.e., TCO that has a higher

transparency for longer-wavelength light). In some embodiments, the thickness of the backside

TCO layer is decreased compared with the front-side TCO layer to optimize shorter-wavelength

absorption. For example, the backside TCO layer can be 400 nm thick. Note that, the thinner

backside TCO layer can lead to increased resistance, which can be possibly compensated by using

narrower gridline spacing.

Bifacial Solar Panel

[0041] The double-sided tunneling junction solar cells provide superior performance due

to their ability to absorb light from the backside. Such backside light absorption can produce

more energy if these cells are placed into a bifacial panel, i.e., a panel with a transparent or semi-

transparent back cover to allow scattered light to enter the backside of the solar cells through the

back cover. Such bifacial panels can lead to a 2-12% increase in performance when compared

with the conventional single-sided panels. The performance improvement can be more



prominent during a cloudy or low irradiance day because the bifacial panel can more effectively

collect the diffused light. Although simply changing the non-transparent back sheet of a

conventional single-sided panel to a transparent back sheet can improve the panel's performance,

more can be done to further improve the overall efficiency of a bifacial panel.

[0042] One way to optimize the performance of a bi-facial panel is to reduce backside

shading as much as possible. Because bifacial panels are designed to absorb light from both

sides, shading or partial shading of one or more cells from the backside can lead to reduced

current output of the entire panel. Moreover, the mismatched current among serially connected

cells may also generate hotspots on the panel, because the back shaded cell may be reverse-biased

by the non-shaded cells.

[0043] To minimize backside shading, in one embodiment of the present invention, the

junction box that is conventionally located on the backside of a panel is removed. FIG. 4, which

presents a diagram illustrating the backside of a conventional solar panel. In FIG. 4, a solar panel

400 includes a pair of end frames 402 and 404, a pair of side frames 406 and 408, a junction box

410, and an opaque back sheet 420. The frames 402-408 enclose and provide support to solar

cells encapsulated within the front and back covers. Junction box 410 provides connections

between solar panel 400 and other solar panels. In addition, junction box 410 may include other

circuit components, such as bypass diodes, that facilitate operation of solar panel 400. This

arrangement, however, will cause backside shading to the bifacial panel because the junction box

blocks light entering from the backside of the panel. Moreover, the wirings that connect the

junction boxes of different panels can also cause backside shading.

[0044] To minimize backside shading, in some embodiments, the bifacial solar panel can

have junction box having a smaller profile mounted on the edge of the panel or on the backside of

the panel without any shading to the solar cells, and the wirings used for inter-panel connections

are placed along and within the edge frame of the panel. Moreover, conventional aluminum (Al)

based frames often partially cover the backside of cells at the edges of the solar panel, or may cast

shadows onto the backside of the cells. To prevent such backside shading caused by the Al

frames (such as end frames 402 and 404, and side frames 406 and 408 shown in FIG. 4), the

bifacial panel can be frameless, wherein the front and back covers jointly provide the physical

support for the entire panel. In one embodiment, clamps are used to mount frameless bifacial

panels without any shading to the solar cells. In another embodiment, custom designed frames

that do not introduce any shading and shadowing to the front or back of the solar cells can also be

used to support the bifacial panels.



[0045] FIG. 5 presents a diagram illustrating the backside of an exemplary bifacial solar

panel, in accordance with an embodiment of the present invention. In FIG. 5, a solar panel 500

includes a plurality of solar cells, such as cells 502, 504, 506, and 508, sandwiched between a

front-side cover and a backside cover. Note that FIG. 5 only shows backside cover 510. The

solar cells can include double-sided tunneling junction solar cells. In some embodiments,

backside cover 510 is made of glass.

[0046] A glass backside cover not only facilitates light absorption from the backside of

the cells, but also ensures sufficient blockage of moisture. Moisture insulation is important to

panels based on heterojunction solar cells, because most heterojunction solar cells include one or

more TCO layers, which function as both anti-reflection coatings (ARCs) and electrodes for

colleting carriers. Many TCO materials, such as ZnO or Al:ZnO, are moisture-sensitive and may

lose their material properties when exposed to moisture. For example, a ZnO film may become

rough or porous when exposed to moisture for a prolonged time. A different material, such as

indium-tin-oxide (ITO), although outperforming ZnO in terms of suffering less degradation under

moisture exposure, would still experience certain levels of degradation when exposed to both

heat and moisture. A porous TCO film allows the moisture to reach the solar cell junction, thus

degrading the solar cell performance drastically. Compared with polyvinyl fluoride (PVF) or

polyethylene terephthalate (PET) films by conventional single-sided solar panels as a backside

cover (or back sheet), the glass backside cover provides superior moisture-blockage capability,

significantly improving the reliability of the bifacial panel. To prevent moisture ingress from the

edges of the glass covers, in some embodiments, a moisture-resistance sealant, such as a butyl

sealant, can be applied along the edges of the bifacial channel. In addition to glass, it is also

possible to use a transparent polymer material to make backside cover 510, which provides a

lighter weight bifacial panel.

[0047] In the example shown in FIG. 5, the solar cells are serially connected. More

specifically, each row of solar cells is serially connected into a string using metal tabs, such as

metal tabs 512 and 514 that connect the backside of solar cell 502 to the front-side of solar cell

504. Such metal tabs are usually soldered onto the busbars of the solar cells. In the example

shown in FIG. 5, the solar cells have a conventional double-busbar configuration. At the end of

the strings, a tabbing wire serially connects the cells at the end of the adjacent rows. For

example, a tabbing wire 516 serially connects the rightmost cells at the first and the second row

of solar cells in panel 500. As shown in FIG. 5, the serial connection zigzags through the entire

panel until the last solar cell (solar cell 508) is connected. Additional lead wires are then attached

to the unconnected tabs of the first and last cells (cells 502 and 508, respectively), thereby



providing the positive and negative outputs of panel 500. For example, lead wire 522 connects to

metal tabs applied to the front-side of solar cell 502, and lead wire 524 connects to metal tabs

applied to the backside of solar cell 508. To prevent shading (either the front-side or the

backside), lead wires 522 and 524 are placed along the edge of panel 500. In some embodiments,

a plastic or rubber jacket is used to wrap around lead wires 522 and 524 to provide electrical

insulation. In the example shown in FIG. 5, the ends of lead wires 522 and 524 are brought to the

middle of the left edge of solar panel 500. It is also possible to bring those ends to the upper and

lower ends of the left edge of solar panel 500, as long as such an arrangement does not lead to

shading. In another embodiment, lead wires 522 and 524 are sandwiched between the front and

back glass covers along the edges, and exit via holes drilled through the back glass cover to

enable a junction box mounting on the back surface of the panel without any shading. In yet

another embodiment, lead wires 522 and 524 can be sandwiched between the front and back glass

covers along the edges, and exit via the edge of the glass covers to enable a junction box

mounting on the panel edge without any shading.

[0048] Moreover, from FIG. 5, one can see that solar panel 500 no longer has a frame.

Such a frameless design prevents any shading, especially shading to the backside of the panel,

caused by the conventional Al-based frame. To support the solar panel, specially designed

clamps can be applied at the edge of the panel where there are no cells, such as regions 532 and

534. In addition to using clamps to support the frameless solar panels, it is also possible to create

empty spaces between rows, columns, or cells to insert support structures. In some embodiments,

frames that are custom designed to prevent any front or back shading of the solar cells can be

used to support the bifacial panels.

[0049] To further increase light absorption, light-capturing films (LCFs) can be applied to

the no-cell areas on solar panel 500, such as regions 542 and 544, and regions overlapping the

busbars. Applying the LCFs to areas that are not covered by the cells or are shaded by opaque

materials is essential in bifacial panel. Unlike a single-sided panel which has an opaque (often

white) backside cover to reflect light from these non-covered regions, a bifacial panel has a

transparent backside cover, which causes the light to pass though the non-covered regions. By

applying LCFs to those non-covered and shaded regions, more light can be collected. In some

embodiments, the LCF has modulated refractive indices which cause light in the desired

wavelength range (e.g., the visible range for typical solar cells) to be trapped inside the film,

reflected sideways, and eventually captured by the solar cells. In some embodiments, the LCFs

can include textured polymer films having a thickness of less than 200 µιη. Note that the



textured surface of the polymer films can ensure that light hit such a surface to be reflected

sideways and to be captured by the solar cells.

[0050] In addition to applying LCFs onto non-covered and shaded regions on the solar

panel, it is also possible apply LCF onto the busbars to reduce the amount of light reflected by the

metal layers. More specifically, when light hits the LCF-covered busbars, instead of being

reflected upward as in the case of bare metal busbars, the light will be trapped inside the film,

reflected sideways, and eventually captured by the solar cells. In alternative embodiments, the

busbars themselves can include a textured surface such that incident light hitting the busbars will

be reflected sideways to be captured by the solar cells. In other words, the busbar themselves are

becoming light-capturing busbars. The busbars can be textured using various methods, including

but not limited to: mechanical grinding, etching, and laser surface texturing. The shapes of the

surface texture can include but are not limited to: pyramids, inverted pyramids, half spheres, etc.,

which can be randomly or regularly distributed on the surface of the busbars. Note that there is

no longer a need for applying the LCFs onto the busbars if the surface of the busbars is textured.

[0051] To ensure efficiency of the solar panel under non-ideal operating conditions, such

as shading caused by falling debris, cloudy or low-radiation conditions, solar panel 500 may also

implement the maximum power point tracking (MPPT) technology and bypass protection at the

cell or cell-group level. In some embodiments, a respective solar cell or group of solar cells

within a solar panel is coupled to an MPPT integrated circuit (IC) chip and a bypass diode.

[0052] To further reduce shading, on the front-side or the backside or both, one can

change the busbar configuration from the double-busbar configuration to a single busbar or even

a no busbar configuration. Using the single edge busbar configuration shown in FIG. 3C, one can

achieve a solar panel with reduced busbar-induced shading and reduced series resistance.

[0053] FIG. 6A presents a diagram illustrating the cross-sectional view of a string of

serially connected solar cells having a single edge busbar configuration. In FIG. 6A, the solar

cells are sandwiched between a front cover 602 and a back cover 604. In some embodiments,

both the front and back covers are made of glass. The solar cells are laid out in such a way that

the same polarity sides of the solar cells are facing the same direction. For example, solar cells

606 and 608 may both have their p-type emitters facing front cover 602. To enable a serial

connection, a metal tab, such as metal tab 614, couples an edge busbar 610 located at the top

surface of solar cell 606 and an edge busbar 612 located at the bottom surface of solar cell 608.

[0054] FIG. 6B presents a diagram illustrating the cross-sectional view of a string of

serially connected solar cells having a single edge busbar configuration. In FIG. 6B, the solar



cells are laid out in such a way that the same polarity sides of adjacent solar cells are facing

opposite directions. For example, solar cell 622 may have its p-type emitter facing the front

cover, and adjacent solar cell 624 may have its p-type emitter facing the back cover. To enable a

serial connection, a metal tab, such as metal tab 630, couples an edge busbar 626 located at the

top surface of solar cell 622 and an edge busbar 628 located at the top surface of solar cell 624.

[0055] FIG. 6C presents a diagram illustrating the cross-sectional view of a string of

serially connected solar cells having a single edge busbar configuration. In FIG. 6C, the solar

cells are arranged in such a way that adjacent solar cells partially overlap at the edges, forming a

shingled pattern. For example, solar cell 660 partially overlaps solar cell 662 in such a way that

top edge busbar 664 of solar cell 660 is in direct contact with bottom edge busbar 666 of solar

cell 662, thus enabling a serial connection between cells 660 and 662. From FIGs. 6A-6C, one

can see that the single edge busbar generates less shading than a conventional double busbar, and

the wide metal tabs connecting cells or the direct contact of the busbars can lead to reduced series

resistance.

[0056] Details, including fabrication methods, about solar cells with the single edge

busbar configuration can be found in U.S. Patent Application No. 14/510,008 (Attorney Docket

No. SSP13-1001CIP), entitled "Module Fabrication of Solar Cells with Low Resistivity

Electrodes," by inventors Jiunn Benjamin Heng, Jianming Fu, Zheng Xu, and Bobby Yang, filed

08 October 2014, the disclosure of which is incorporated by reference in its entirety herein.

[0057] In FIG. 5, all solar cells are serially connected, meaning that the internal

resistances of all the solar cells are summed as the panel resistance. The larger internal resistance

of the panel leads to a larger portion of the photo-generated power being consumed by the panel's

internal resistance and less power being outputted by the panel. Such a power penalty caused by

the panel's internal resistance can be more severe for bifacial panels, because the photo-generated

current is usually higher in a bifacial panel than in a single-sided panel, and the power consumed

by the internal resistance is proportional to the square of the current. One way to increase the

panel output power is to decrease the panel resistance. In some embodiments, instead of having

all cells on the bifacial channel connecting in series, the bifacial panel can include parallel

coupled strings of solar cells. More specifically, one or more rows of cells can be connected in

series to form a string (or a group) of cells, and multiple strings (groups) can be connected to

each other in parallel. FIG. 7 presents a diagram illustrating the backside of an exemplary

bifacial solar panel, in accordance with an embodiment of the present invention.

[0058] In FIG. 7, a solar panel 700 includes a number of solar cell strings, such as strings

702, 704, and 706, sandwiched between a front-side cover (not shown) and a backside cover 710.



Each string includes a number of serially connected solar cells. In the example shown in FIG, 7,

each string includes two rows of solar cells, serially strung together by metal tabs, forming a "U,"

and solar panel 700 includes three such U-shaped strings. From FIG. 7, one can see that the

outputs (including a positive output and a negative output) of the U-shaped strings are located at

the same edge of solar panel 700, making it possible to establish parallel connections among the

strings at such an edge, without shading the front or the backside of the solar panel.

[0059] Moreover, similar to the example shown in FIG. 5, light-capturing films (LCFs)

are applied at panel spaces that are not covered by solar cells, such as regions 712 and 714, on

solar panel 700. In some embodiments, the LCFs are also applied onto the busbars to reduce the

amount of light reflected by the metal layers.

[0060] With the outputs of each string of cells located on the same edge of panel 700,

various connections can be made at the edge. Coupling all positive outputs of the three strings

together and all negative outputs of the strings together result in the three strings being connected

in parallel. On the other hand, connecting the negative output of string 702 to the positive output

of string 704, and then connecting the negative output of string 704 to the positive output of

string 706 can result in the three strings being connected in series. Other configurations may also

be possible. Note that the electrical cables used for the inter-string connections can be aligned

and attached to the edge of solar panel 700, without shading the front or the backside of the solar

panel.

[0061] As discussed previously, parallel connected solar cell strings can lead to reduced

panel resistance. However, the parallel connection can also lead to reduced output voltage,

making the panel incompatible with conventional panel with serially connected cells. To ensure

compatibility, in some embodiments, solar cells of a standard size are each divided into multiple

smaller cells, which are then connected in series. If the number of parallel strings in a panel is

the same as the cell-dividing factor, then the output voltage and current of the solar panel with

parallel strings can be similar to (but slightly higher than) those of the conventional panel with

serially connected cells. For example, in FIG. 7, three U-shaped strings can be connected in

parallel; hence, to ensure that the output voltage of the panel is at least as high as that of the

conventional panel of the same size, each of the standard-sized solar cells needs to be divided

into three smaller cells. A detailed description of the analysis regarding the cell division and the

cell-division procedures can be found in U.S. Provisional Patent Application No. 62/075,134

(Attorney Docket No. SCTY-P67-2P), entitled "High Efficiency Solar Panel," by inventors

Bobby Yang, Peter Nguyen, Jiunn Benjamin Heng, Anand J . Reddy, and Zheng Xu, filed 04

November 2014, the disclosure of which is incorporated by reference in its entirety herein.



[0062] FIG. 8 presents a diagram illustrating the backside of an exemplary bifacial solar

panel, in accordance with an embodiment of the present invention. In FIG. 8, a solar panel 800

includes a number of solar cell strings, such as strings 802, 804, and 806, sandwiched between a

front-side cover (not shown) and a backside cover 810. Each string includes a number of serially

connected smaller solar cells. Note that, here, the term "smaller solar cell" refers to a solar cell

that is obtained by dividing a standard-sized solar cell, such as a standard 5-inch or 6-inch solar

cell, into multiple smaller-sized cells. In most cases, a standard-sized cell is evenly divided into

multiple smaller cells. For example, a 6-inch by 6-inch square or pseudo square shaped cell can

be divided into three 2-inch by 6-inch smaller cells. Other cell sizes, shapes, and division

schemes are also possible.

[0063] In the example shown in FIG, 8, each string includes two rows of smaller cells,

serially coupled to each other, forming a "U," and solar panel 800 includes three such U-shaped

strings. More specifically, the busbars on the smaller cells have the single edge busbar

configuration, and adjacent smaller cells in each row are connected in series by partially

overlapping each other at the corresponding edges. For example, the smaller cells in the topmost

row are coupled in such a way that the right top edge busbar (when viewed from the backside of

panel 800) of a cell is in direct contact with the left bottom edge busbar of the adjacent cell to the

right. In other words, when viewed from the backside, the smaller cells are arranged in such a

way that a right-side cell is partially on top of an adjacent left-side cell. On the other hand, such a

pattern reverses itself at the adjacent serially connected row to have a left-side cell partially on

top of an adjacent right-side cell.

[0064] Similar to panel 700 shown in FIG. 7, solar panel 800 includes three U-shaped

strings, except that in solar panel 800, each string includes shingled smaller cells. The three U-

shaped strings are connected in parallel at the left edge of solar panel 800. More specifically, the

parallel connection is performed by using a cable or metal tab 812 to couple all positive outputs

of the strings and a different cable or metal tab 814 to couple all negative outputs of the strings.

Cables 812 and 814 are aligned along the edge of solar panel 800 with their leads at the opposite

ends of the edge for connection to other panels. Note that such a wiring arrangement ensures no

shading to either the front-side or the backside of the panels. In one embodiment, cables 812 and

814 can be routed to a junction box on the backside of the panel that does not shade any solar

cells or a junction box on the edge of the panel. In some embodiments, other circuit components,

such as MPPT devices and bypass diodes, can also be embedded at the panel edge.

[0065] Note that, in the example shown in FIG. 8, the shingled smaller cells cover most

of the panel area, leaving no spaces between cells. Moreover, there are no longer visible busbars



on either side. Hence, LCFs are no longer needed, except at the edges of the panel that are not

coved by the smaller cells and at the space in between strings of shingled cells.

[0066] FIG. 9 presents a flow chart illustrating the process of fabricating a bifacial solar

panel, in accordance with an embodiment of the present invention. During fabrication, multi-

layer semiconductor structures for double-sided heterojunction solar cells are first fabricated

using conventional standard-sized Si wafers (operation 902). In some embodiments, double-

sided heterojunction semiconductor structures are fabricated using Si wafers of a standard size,

such as the standard 5-inch or 6-inch squares. In some embodiments, the solar cells may also

include front-side and/or backside QTB layers adjacent to the base layer and front and back TCO

layers. To ensure optimal light absorption from both sides, in some embodiments, the front- and

backside TCO layers have different thicknesses, and/or are made of different materials. More

specifically, the front-side TCO layer is optimized for absorption of white light, whereas the

backside TCO layer is optimized for absorption of scattered or diffused light that has a shorter

wavelength.

[0067] Subsequently, front- and backside metal grids are deposited on the front and back

surfaces of the solar cells, respectively, to complete the bifacial solar cell fabrication (operation

904). In some embodiments, depositing the front- and back-side metal grids may include

electroplating of a Cu grid, which is subsequently coated with Ag or Sn. In further embodiments,

one or more seed metal layers, such as a seed Cu or Ni layer, can be deposited onto the multi-

layer structures using a physical vapor deposition (PVD) technique to improve adhesion and

ohmic contact quality of the electroplated Cu layer. Different types of metal grids can be formed,

including, but not limited to: a metal grid with a single busbar at the center and a metal grid with

a single busbar at the cell edge. Note that for the edge-busbar configuration, the busbars at the

front and back surfaces of the solar cells are placed at opposite edges. In some embodiments, the

finger lines in the front- and backside metal grids have different spacing. More specifically, the

spacing of the fingers on the front-side (the side that receives direct light) is optimized for light

absorption, and the spacing of the fingers on the backside (the side that receives mostly scattered

light) is optimized for lower series resistance. In further embodiments, the spacing of the fingers

on the front-side of the solar cell is wider than that of the fingers on the backside of the solar cell.

In some embodiments, the metal grids include busbars, and light-capturing films (LCFs) are

applied to the busbars. In some embodiments, the metal girds include busbars, and forming the

busbars involves texturing the surface of the busbars. Various methods can be used to texture the

surface of the busbars, include but not limited to: mechanical grinding, etching, and laser surface

texturing. The shapes of the surface texture can include but are not limited to: pyramids, inverted



pyramids, half spheres, etc., which can be randomly or regularly distributed on the surface of the

busbars. The LCF or the textured surface on the metal busbars ensures that light hitting the

busbars will not be reflected upward, instead the light will be trapped inside the LCF or the

textured metal surface, reflected sideways, and eventually captured by the solar cells.

[0068] Subsequent to depositing the front and back metal grids, in some embodiments,

each solar cell is divided into multiple smaller cells (operation 906). Various techniques can be

used to divide the cells. In some embodiments, a laser-based scribe-and-cleave technique is used.

Note that, in order to prevent damage to the emitter junction, it is desirable to apply the laser

scribing at the solar cell surface corresponding to the surface field layer. For example, if the

emitter junction is at the front surface of the solar cell, the laser scribing should be applied to the

back surface of the solar cell. Also note that dividing the solar cells into smaller cells is only

necessary if the solar panel has groups of cells that are connected in parallel. In general, if all

cells are connected in series, there is no need to divide the cells into smaller cells. The divided

smaller cells with overlapping (shingled) layout configuration is preferred because it provides a

number of added advantages, including: compact cell area without unused space, no busbars on

front and back sides to cause shading, and reduced series resistance.

[0069] After the formation of the smaller cells, a number of smaller cells are connected

together in series to form a string (operation 908). In some embodiments, two rows of smaller

cells are connected in series to form a U-shaped string. Note that, depending on the busbar

configuration, the conventional stringing process may need to be modified. In some

embodiments, a row of smaller cells is connected in series by overlapping one another at the

edges to form a shingled pattern. Note that such a shingled configuration provides multiple

advantages, including: no exposed busbars on both front and back sides of the panel, thus

reducing shading or eliminating the needs for LCFs; reduced series resistance without the use of

ribbons; and a more compact layout without unnecessary blank space.

[0070] Subsequent to the formation of multiple strings of smaller cells, the multiple

strings are laid out next to each other to form a panel (operation 910). In some embodiments,

three U-shaped strings are laid out next to each other to form a panel that includes 6 rows of

smaller cells. After laying out the strings, the front-side cover is applied (operation 912). In

some embodiments, the front-side cover is made of glass.

[0071] For solar modules implementing cell-level MPPT or cell-level bypass protection,

the MPPT IC chips and bypass diode can be placed at appropriate locations, including, but not

limited to: corner spacing (if there is any) between solar cells, and locations between adjacent

solar cells (operation 914). In some embodiments, the MPPT IC chips and bypass diode may be



implemented at a multi-cell level or string level. In some embodiments, each row of smaller cells

may be coupled to an MPPT IC and/or a bypass diode located at the panel edge.

[0072] The U-shaped strings are then connected to each other via a modified tabbing

process (operation 916). More specifically, the strings are connected to each other in parallel

with their positive electrodes coupled together to form the positive output of the panel and their

negative electrodes coupled together to form the negative output of the panel. In some

embodiments, metal cables wrapped by an insulation jacket are placed at the panel edge to

connect to the respective positive and negative outputs of each U-shaped string. Electrical

connections between the MPPT IC chips and bypass diodes and the corresponding smaller cell

electrodes are formed to achieve a completely interconnected solar panel (operation 918). Note

that the connection cables are placed in such a way as to ensure no shading to the front and

backside of the solar panel. Subsequently, LCFs are applied at spaces on the panel that are not

covered by the cells (operation 920), and the backside cover is applied (operation 922). In some

embodiments, the backside cover is also made of glass. In some embodiments, the backside

cover is made of transparent polymer, which can reduce the weight of the panel. The entire solar

panel can then go through the normal lamination process, which seals the cells, the MPPT ICs,

and the bypass diode in place (operation 924). Note that, compared with the process of making

the traditional single-sided panel, there is no longer a need for the framing process and the

attachment of a junction box, because this novel bifacial panel does not have a frame; neither

does it have a junction box. The wiring of the entire panel, including among cells and to the

MPPTs/bypass diodes, can be done during the lamination.

[0073] The foregoing descriptions of various embodiments have been presented only for

purposes of illustration and description. They are not intended to be exhaustive or to limit the

present invention to the forms disclosed. Accordingly, many modifications and variations will be

apparent to practitioners skilled in the art. Additionally, the above disclosure is not intended to

limit the present invention.



What Is Claimed Is:

1. A bifacial solar panel, comprising:

a first transparent cover on a first side of the solar panel;

a second transparent cover on a second side of the solar panel;

a plurality of solar cells sandwiched between the first cover and the second cover;

and

one or more lead wires for outputting power generated by the solar panel, wherein

the lead wires are positioned on an edge of the solar panel without shading the first and

second sides of the solar panel; and

wherein a respective solar cell comprises:

a photovoltaic structure;

a first metal grid on a first side of the photovoltaic

structure, thereby allowing the solar cell to absorb light from the first side of the

photovoltaic structure; and

a second metal grid on a second side of the photovoltaic

structure, thereby allowing the solar cell to absorb light from the

second side of the photovoltaic structure.

2 . The solar panel of claim 1, wherein the solar cell is a double-sided heterojunction

solar cell comprising:

a first transparent conducting oxide layer positioned on the first side of the

photovoltaic structure; and

a second transparent conducting oxide layer positioned on the second side of the

photovoltaic structure.

3 . The solar panel of claim 2, wherein the first and second transparent conducting

oxide layers have different thicknesses, and wherein a thickness of the first transparent

conducting oxide layer is configured for absorption of substantially white light by the

photovoltaic structure, and wherein a thickness of the second transparent conducting

oxide layer is configured for absorption of substantially scattered or diffused light by the

photovoltaic structure.



4 . The solar panel of claim 1, wherein the first and second metal grids have different

finger spacing.

5 . The solar panel of claim 1, wherein the first metal grid comprises a first edge

busbar located at an edge on the first side of the solar cell, and wherein the second metal

grid comprises a second edge busbar located at an opposite edge on the second side of the

solar cell.

6 . The solar panel of claim 5, wherein two adjacent solar cells are arranged in such a

way that a first edge busbar on a first side of one solar cell is in direct contact with a

second edge busbar on a second side of the other solar cell, thereby facilitating a serial

connection between the two adjacent solar cells.

7 . The solar panel of claim 1, wherein busbars of the first and second metal grids are

covered with a light-capturing film.

8. The solar panel of claim 1, wherein a surface of busbars of the first and second

metal grids are textured.

9 . The solar panel of claim 1, wherein regions on the second cover that are not

covered by the solar cells are covered with a light-capturing film.

10. The solar panel of claim 1, wherein the solar panel is frameless.

11. The solar panel of claim 1, wherein the solar panel further comprises a plurality of

maximum power point tracking devices, wherein a respective maximum power point

tracking device is coupled to a respective solar cell or a group of solar cells.

12. The solar panel of claim 1, wherein the first cover comprises glass, and wherein

the second cover comprises glass or polymer.

13. A method for fabricating a bifacial solar cell, comprising:

obtaining a plurality of solar cells;

applying a first transparent cover on a first side of the solar cells;



applying a second transparent cover on a second side of the solar cells; and

attaching one or more lead wires to an edge of the solar panel, thereby forming

outputs of the solar panel without shading the first and second sides of the solar panel;

wherein obtaining a respective solar cell comprises:

forming a photovoltaic structure;

forming a first metal grid on a first side of the

photovoltaic structure, thereby allowing the solar cell to absorb

light from the first side; and

forming a second metal grid on a second side of the

photovoltaic structure thereby allowing the solar cell to absorb

light from the second side.

14. The method of claim 13, wherein the solar cell is a double-sided heterojunction

solar cell comprising:

a first transparent conducting oxide layer positioned on the first side of the

photovoltaic structure; and

a second transparent conducting oxide layer positioned on the second side of the

photovoltaic structure.

15. The method of claim 14, wherein the first and second transparent conducting

oxide layers have different thicknesses, and wherein a thickness of the first transparent

conducting oxide layer is configured for absorption of substantially white light by the

photovoltaic structure, and wherein a thickness of the second transparent conducting

oxide layer is configured for absorption of substantially scattered or diffused light by the

photovoltaic structure.

16. The method of claim 14, wherein the first and second metal grids have different

finger spacing.

17. The method of claim 14, wherein the first metal grid comprises a first edge busbar

located at an edge on the first side of the solar cell, and wherein the second metal grid

comprises a second edge busbar located at an opposite edge on the second side of the

solar cell.



18. The method of claim 17, further comprising arranging two adjacent solar cells in

such a way that a first edge busbar on a first side of one solar cell is in direct contact with

a second edge busbar on a second side of the other solar cell, thereby facilitating a serial

connection between the two adjacent solar cells

19. The method of claim 13, further comprising covering busbars of the first and

second metal grids with a light-capturing film.

20. The method of claim 13, further comprising texturing a surface of busbars of the

first and second metal grids.

21. The method of claim 13, further comprising applying a light-capturing film to

regions on the second cover that are not covered by the solar cells.

22. The method of claim 13, further comprising placing a plurality of maximum

power point tracking devices between the first and second covers, wherein a respective

maximum power point tracking device is coupled to a respective solar cell or a group of

solar cells.

23. The method of claim 13, wherein the first cover comprises glass, and wherein the

second cover comprises one of: glass and transparent polymer.

24. A bifacial solar cell, comprising:

a double heterojunction photovoltaic structure;

a first metal grid on a first side of the photovoltaic structure, thereby allowing the

solar cell to absorb light from the first side; and

a second metal grid on a second side of the photovoltaic

structure, thereby allowing the solar cell to absorb light from the

second side.



AMENDED CLAIMS
received by the International Bureau on 25 May 201 6 (25.05.201 6)

. A bifacial solar panel, comprising;

a first transparent cover on a first side of the solar panel;

a second transparent cover on a second side of the solar panel;

a plurality of solar cells sandwiched between the first cover and the second

cover; and

one or more lead wires coupled to a junction box, wherein the lead wires

and the junction box are positioned on an edge of the solar panel without shading

the first and second sides of the solar panel; and

wherein a respective solar cell comprises:

a photovoltaic structure;

a first metai grid on a first side of the photovoltaic

structure, thereby allowing the solar cell to absorb light from the first

side of the photovoltaic structure; and

a second metal grid on a second side of the photovoltaic

structure, thereby allowing the solar cell to absorb light from the

second side of the photovoltaic structure.

2. The solar panel of claim , wherein the solar cell is a double-sided

heterojunction solar cell comprising:

a first transparent conducting oxide layer positioned on the first side of the

photovoltaic structure; and

a second transparent conducting oxide layer positioned on the second side

of the photovoltaic structure.

3. The solar panel of claim 2, wherein the first and second transparent

conducting oxide layers have different thicknesses, and wherein a thickness of the

first transparent conducting oxide layer is configured for absorption of

substantially white light by the photovoltaic structure, and. wherein a thickness of



the second transparent conducting oxide layer is configured for absorption of

substantially scattered or diffused light by the photovoltaic structure.

4 . The solar panel of claim 1, wherein the first and second metal grids have

different finger spacing.

5. The solar panel of claim 1 wherein the first metal grid comprises a first

edge busbar located at an edge on the first side of the solar cell, and wherein the

second metal grid comprises a second edge busbar located at an opposite edge on

the second side of the solar cell.

6. The solar panel of claim 5, wherein two adjacent solar cells are arranged in

such a way that a first edge busbar on a first side of one solar cell is in direct

contact with a second edge busbar on a second side of the other solar cell, thereby

facilitating a serial connection between the two adjacent solar cells.

7. The solar panel of claim 1, wherein busbars of the first and second metal

grids are covered with a light-capturing film.

8 . The solar panel of claim , wherein a surface of busbars of the first and

second metal grids are textured.

9. The solar panel of claim , wherein regions on the second cover that are

not covered by the solar cells are covered with a light-capturing film.

10. The solar panel of claim , wherein the solar panel is frameless.

1. The solar panel of clai 1, wherein the solar panel further comprises a

plurality of maximum power point tracking devices, wherein a respective

maximum power point tracking device is coupled to a respective solar cell or a

group of solar cells.



12. The solar panel of claim 1, wherein the first cover comprises glass, and

wherein the second cover comprises glass or polymer.

13. A method for fabricating a bifacial solar cell, comprising;

obtaining a plurality of solar cells;

applying a first transparent cover on a first side of the solar cells;

applying a second transparent cover on a second side of the solar cells; and

attaching one or more lead wires to a junction box positioned on a edge

of the solar panel, thereby forming outputs of the solar panel without shading the

first and second sides of the solar panel;

wherein obtaining a respective solar cell comprises:

forming a photovoltaic structure;

forming a first metal grid on a first side of the

photovoltaic structure, thereby allowing the solar cell to absorb

light from the first side; and

fo ning a second metal grid on a second side of the

photovoltaic structure thereby allowing the solar cel to absorb

light from the second side.

14. The method of claim 13 , wherein the solar cell is a double-sided

heterojunction solar cell comprising:

a first transparent conducting oxide layer positioned on the first side of the

photovoltaic structure; and

a second transparent conducting oxide layer positioned on the second side

of the photovoltaic structure.

1 . The method of claim 14, wherein the first and second transparent

conducting oxide layers have different thicknesses, and wherein a thickness of the

first transparent conducting oxide layer is configured for absorption of

substantially white light by the photovoltaic structure^ and wherein a thickness of



the second transparent conducting oxide layer is configured for absorption of

substantially scattered or diffused light by the photovoltaic structure,

16. The method of claim 14, wherein the first and second metal grids have

different finger spacing.

17. The method of claim 14, wherein the first metal grid comprises a first edge

busbar located at an edge on the first side of the solar cell, and wherein the second

metal g d comprises a second edge busbar located at an opposite edge on the

second side of the solar cell.

18. The method of claim 17, further comprising arranging two adjacent solar

cells in such a way that a first edge busbar on a first side of one solar cell is in

direct contact with a second edge busbar on a second side of the other solar cell,

thereby facilitating a serial connection between the two adjacent solar cells.

. The method of claim 13, further comprising covering busbars of the first

and second metal grids with a light-capturing film.

20. The method of claim 13, further comprising texturing a surface of busbars

of the first and second metal grids.

. The method of claim 3, further comprising applying a light-capturing

film to regions on the second cover that are not covered by the solar cells.

22. The method of claim 1 , further comprising placing a plurality of

maximum power point tracking devices between the first and second covers,

wherein a respective maximum power point tracking device is coupled to a

respective solar cell or a group of solar cells.

23. The method of claim 13, wherein the first cover comprises glass, and

wherein the second cover comprises one of: glass and transparent polymer.



24. A bifacial solar cell, comprising:

a double heterojunction photovoltaic structure;

a first transparent conducting oxide layer positioned on a first side of the

photovoltaic structure;

a second transparent conducting oxide layer positioned on a second side of

the photovoltaic structure, wherein the first and second transparent conducting

oxide layers have different thicknesses;

a first metal grid positioned on the first transparent conducting oxide layer,

thereby allowing the solar cell to absorb light from the first side;

a second metal grid positioned on the second transparent conducting oxide

layer, thereby allowing the solar cell to absorb light from the second side.
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