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CELL-TO-CELL INTERCONNECT 

  

RELATED APPLICATIONS 

[001] The application is a continuation-in-part of U.S. Patent Application No. 

15/192,576 filed on June 24, 2016 and entitled “Cell-to-Cell Interconnect,” which is hereby 

incorporated by reference for all purposes. 

 

BACKGROUND OF THE INVENTION 

[002] A solar cell is a device that converts photons into electrical energy.  The 

electrical energy produced by the cell is collected through electrical contacts coupled to the 

semiconductor material, and is routed through interconnections with other photovoltaic cells 

in a module.  The “standard cell” model of a solar cell has a semiconductor material, used to 

absorb the incoming solar energy and convert it to electrical energy, placed below an anti-

reflective coating (ARC) layer, and above a metal backsheet.  Electrical contact is typically 

made to the semiconductor surface with fire-through paste, which is metal paste that is heated 

such that the paste diffuses through the ARC layer and contacts the surface of the cell.  The 

paste is generally patterned into a set of fingers and bus bars which will then be soldered with 

ribbon to other cells to create a module.  Another type of solar cell has a semiconductor 

material sandwiched between transparent conductive oxide layers (TCO’s), which are then 

coated with a final layer of conductive paste that is also configured in a finger/bus bar 

pattern. 

[003] Several solar cells may be connected together to form a solar cell circuit.  In a 

solar cell circuit, a conductive area coupled to a p-doped region (“positive area”) of one solar 

cell is connected to a conductive area coupled to an n-doped region (“negative area”) of an 

adjacent solar cell.  The positive area of the adjacent solar cell is then connected to a negative 

area of a next adjacent solar cell and so on.  This chaining of solar cells may be repeated to 

connect several solar cells in series to increase the output voltage of the solar cell circuit.  

Solar cells are generally connected with a flat wire or ribbon soldered onto the solar cell.  It is 

known in the art that the interconnects between cells are prone to breakage and warping 

during transportation, installation and normal thermal cycling.  For example, solar cell 

circuits may experience failures in the field due to fatigue of the interconnect which may 

occur during transportation from shock and vibration, or in service due to thermal cycling and 
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mechanical stress such as by wind buffeting or snow loading.  Failure of the interconnect may 

lead to arcing that could then result in fire. 

[004] Moreover, as a result of its higher coefficient of thermal expansion, the 

interconnect, such as a wire or ribbon, may contract much more than the solar cell upon 

cooling from soldering thereby cracking solar cells at the connection.  Of greater concern, 

differential contraction can form microscopic cracks in the solar cell, which can enlarge when 

the solar cells are stressed.  Cracking can cause long term problems including reduced 

reliability, mechanical failure, and power decay. 

[005] Conventionally, solar cells are interconnected by a three bus bar configuration.  

Three bus bar interconnects often cause warpage in the solar cell due to their natural in-plane 

inflexibility or rigidness between adjacent solar cells.  The three bus bar configuration also 

has a redundancy of three interconnections between adjacent solar cells.  Therefore, if any 

single interconnection fails, the solar cell loses efficiency and may pose a fire hazard due to 

solar cell overheating. 

 

SUMMARY OF THE INVENTION 

[006] A metallic article for a photovoltaic cell is disclosed.  The metallic article 

includes a first region having a plurality of elements that are configured to serve as an 

electrical conduit for a light-incident surface of the photovoltaic cell.  A cell-to-cell 

interconnect is integral with the first region.  The cell-to-cell interconnect extends beyond the 

light-incident surface and directly couples the metallic article to a neighboring photovoltaic 

cell.  The cell-to-cell interconnect includes a link having a first link end coupled to an edge of 

the first region, a second link end opposite the first link end and away from the edge of the 

first region and a tapered neck along a length of the link, wherein the tapered neck is a 

breakage point when a force is applied to the cell-to-cell interconnect.  The cell-to-cell 

interconnect includes a plurality of appendages.  Each appendage has a first end coupled to an 

edge of the first region and a second end opposite the first end and away from the edge of the 

first region.  An appendage length that is greater than the length of the link.  The appendages 

are spaced apart from each other.  The metallic article is a unitary, free-standing piece. 

 

BRIEF DESCRIPTION OF THE DRAWINGS 

[007] Each of the aspects and embodiments of the invention described herein can be 

used alone or in combination with one another.  The aspects and embodiments will now be 

described with reference to the attached drawings. 
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[008] FIG. 1 shows a perspective view of an electroforming mandrel in accordance 

with some embodiments. 

[009] FIGs. 2A-2C depict cross-sectional views of stages in producing a free-

standing electroformed metallic article in accordance with some embodiments. 

[0010] FIG. 3 provides a top view of a metallic article with adaptable features, in 

accordance with some embodiments. 

[0011] FIGs. 4A-4B are a close-up view of a cell-to-cell interconnect in accordance 

with some embodiments. 

[0012] FIGs. 4C-4K depict a partial view of the cell interconnect with various shapes 

of appendages in accordance with some embodiments. 

[0013] FIGs. 4L-4N show the metallic article with the cell-to-cell interconnect in 

accordance with some embodiments.   

[0014] FIGs. 5A-5C depict a method of processing for the metallic article in 

accordance with some embodiments. 

[0015] FIG. 5D depicts the metallic article in accordance with some embodiments. 

[0016] FIG. 6 illustrates a top view of the cell-to-cell interconnect coupled to the front 

side of one photovoltaic cell and the back side of a neighboring photovoltaic cell in 

accordance with some embodiments. 

[0017] FIGs. 7A-7C illustrate side views of the cell-to-cell interconnect between two 

adjacent photovoltaic cells in accordance with some embodiments. 

[0018] FIG. 8 illustrates a perspective view of the metallic article as part of the 

photovoltaic cell in accordance with some embodiments. 

[0019] FIG. 9 shows photovoltaic cells with metallic articles, forming a module 

assembly, in accordance with some embodiments. 

[0020] FIG. 10 is a flowchart of a method for forming photovoltaic modules using 

metallic articles of the present disclosure in accordance with some embodiments. 

 

DETAILED DESCRIPTION OF THE EMBODIMENTS 

[0021] Metallization of solar cells is conventionally achieved with screen printed 

silver pastes on the surface of the cell, and cell-to-cell interconnections that utilize solder-

coated ribbons.  For a given aspect ratio of a metal conduit, the electrical resistance is 

inversely proportional to its footprint.  Therefore, the cell metallization or cell-to-cell 

interconnection design usually trades off between shading and resistance for the most 

optimized solar cell module power output.  The metallic articles of the present disclosure, 
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which shall also be referred to as grids or meshes, can be used to replace conventional silver 

paste and solder coated ribbons and have adaptable features that allow for decoupling of 

factors that conventionally require trade-offs between functional requirements. 

[0022] In Babayan et al., U.S. Patent Application No. 13/798,123, issued as U.S. 

Patent No. 8,916,038 and incorporated herein by reference, electrical conduits for 

semiconductors such as photovoltaic cells are fabricated as an electroformed free-standing 

metallic article.  The metallic articles are produced separately from a solar cell and can 

include multiple elements such as fingers and bus bars that can be transferred stably as a 

unitary piece and easily aligned to a semiconductor device.  The elements of the metallic 

article are formed integrally with each other in the electroforming process.  The metallic 

article is manufactured in an electroforming mandrel, which generates a patterned metal layer 

that is tailored for a solar cell or other semiconductor device.  For example, the metallic 

article may have grid lines with height-to-width aspect ratios that minimize shading for a 

solar cell.  The metallic article can replace conventional bus bar metallization and ribbon 

stringing for cell metallization, cell-to-cell interconnection and module making.  The ability 

to produce the metallization layer for a photovoltaic cell as an independent component that 

can be stably transferred between processing steps provides various advantages in material 

costs and manufacturing. 

[0023] Disclosed herein is a metallic article for a photovoltaic cell.  The metallic 

article includes a first region having a plurality of electroformed elements that are configured 

to serve as an electrical conduit for a light-incident surface of the photovoltaic cell.  A cell-to-

cell interconnect is integral with the first region.  The cell-to-cell interconnect is configured 

to extend beyond the light-incident surface and to directly couple the metallic article to a 

neighboring photovoltaic cell.  The cell-to-cell interconnect includes a plurality of 

electroformed, curved appendages.  Each appendage has a first end coupled to an edge of the 

first region and a second end opposite the first end and away from the edge.  The appendages 

are spaced apart from each other.  The metallic article is a unitary, free-standing piece. 

[0024] In one embodiment, each appendage of the plurality of appendages may be an 

hourglass shape.  The first region may comprise a first plane and the cell-to-cell interconnect 

may comprise a bend that places the second ends of the plurality of electroformed 

appendages in a second plane different from the first plane.  The bend may be configured at 

an angle of 5° to 85° relative to the plane of the metallic article.  The cell-to-cell interconnect 

may protrude from the first plane by 0.2-0.4 mm.  The cell-to-cell interconnect may protrude 

from the second plane by 0.3-0.6 mm. 
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[0025] The cell-to-cell interconnect may span at least one quarter of the edge of the 

first region.  In one embodiment, the thickness of the cell-to-cell interconnect may comprise a 

height that is different from a height of the plurality of electroformed elements. 

[0026] The plurality of electroformed elements may comprise a plurality of first 

elements intersecting a plurality of second elements.  The plurality of first elements may be 

perpendicular to the edge of the first region.  A width of each first element may vary along a 

length of the first element. 

[0027] In one embodiment, the metallic article may further comprise a metallic strip 

integral with the cell-to-cell interconnect and coupled to the second ends of the plurality of 

electroformed appendages.  The metallic strip may be configured to be coupled to a back side 

of the neighboring photovoltaic cell. 

[0028] A method of forming an electrical component for a photovoltaic cell is also 

disclosed.  The method comprises electroforming a metallic article on an electrically 

conductive mandrel.  The electrically conductive mandrel has an outer surface comprising at 

least one preformed pattern, and comprises a first region having a plurality of electroformed 

elements and a cell-to-cell interconnect integral with the first region.  The cell-to-cell 

interconnect has a plurality of electroformed, curved appendages.  The metallic article is 

separated from the electrically conductive mandrel.  The plurality of electroformed elements 

is interconnected such that the metallic article forms a unitary, free-standing piece when 

separated from the electrically conductive mandrel.  The plurality of electroformed elements 

is configured to serve as an electrical conduit for a light-incident surface of the photovoltaic 

cell.  The cell-to-cell interconnect is configured to extend beyond the light-incident surface 

and to directly couple the metallic article to a neighboring photovoltaic cell.  The cell-to-cell 

interconnect comprises a plurality of electroformed, curved appendages.  Each appendage has 

a first end coupled to an edge of the first region and a second end opposite the first end and 

away from the edge.  The appendages are spaced apart from each other. 

[0029] Disclosed herein is a metallic article for a photovoltaic cell.  The metallic 

article includes a first region having a plurality of elements that are configured to serve as an 

electrical conduit for a light-incident surface of the photovoltaic cell.  A cell-to-cell 

interconnect is integral with the first region.  The cell-to-cell interconnect extends beyond the 

light-incident surface and directly couples the metallic article to a neighboring photovoltaic 

cell.  The cell-to-cell interconnect includes a link having a first link end coupled to an edge of 

the first region, a second link end opposite the first link end and away from the edge of the 

first region and a tapered neck along a length of the link.  The cell-to-cell interconnect 
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includes a plurality of appendages.  Each appendage has a first end coupled to an edge of the 

first region and a second end opposite the first end and away from the edge of the first region.  

An appendage length that is greater than the length of the link.  The appendages are spaced 

apart from each other.  The metallic article is a unitary, free-standing piece. 

[0030] The link is linear and is perpendicular to the edge of the first region.  The cell-

to-cell interconnect is designed to break at the neck when a force is applied to the cell-to-cell 

interconnect.   

[0031] Each appendage of the plurality of appendages is hourglass shaped, S-shaped, 

U-shaped, W-shaped, V-shaped, serpentine shaped, saw-tooth shaped or L-shaped.  In some 

embodiments, the appendage length is a path length along the appendage, and the appendage 

length is from 1.4 to 3 times the length of the link.  An angle between the tangent of the 

appendage and a horizontal edge of the first region is at least 12.  The appendage is repeated 

at least 8 times per centimeter, at least 10 per centimeter, or at least 12 per centimeter. 

[0032] In some embodiments, the first region and the cell-to-cell interconnect are 

located in the same plane.  The metallic article further comprises a metallic strip integral with 

the cell-to-cell interconnect and coupled to the second ends of the plurality of appendages.  

The metallic strip is configured to be coupled to a back side of the neighboring photovoltaic 

cell.  Each appendage traverses a non-perpendicular path between the edge of the first region 

and the metallic strip.  The cell-to-cell interconnect further comprises a crossbar extending 

across the plurality of appendages and connecting one appendage to a neighboring 

appendage. 

[0033] A method of forming an electrical component for a photovoltaic cell is also 

disclosed.  The method includes electroforming a metallic article on an electrically 

conductive mandrel.  The, electrically conductive mandrel has an outer surface comprising at 

least one preformed pattern.  The metallic article includes a first region having a plurality of 

electroformed elements and a cell-to-cell interconnect integral with the first region.  The 

metallic article is separated from the electrically conductive mandrel.  The plurality of 

electroformed elements is interconnected such that the metallic article forms a unitary, free-

standing piece when separated from the electrically conductive mandrel.  The plurality of 

electroformed elements is configured to serve as an electrical conduit for a light-incident 

surface of the photovoltaic cell.  The cell-to-cell interconnect extends beyond the light-

incident surface and directly couples the metallic article to a neighboring photovoltaic cell.  

The cell-to-cell interconnect includes a link having a first link end coupled to an edge of the 
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first region, a second link end opposite the first link end and away from the edge of the first 

region and a tapered neck along a length of the link.  The cell-to-cell interconnect includes a 

plurality of appendages.  Each appendage has a first end coupled to an edge of the first region 

and a second end opposite the first end and away from the edge of the first region.  An 

appendage length that is greater than the length of the link.  The appendages are spaced apart 

from each other. 

[0034] Although some embodiments shall be described in terms of electroforming, 

the present metallic articles may alternatively be formed by other methods such as etching, 

stamping, assembling of wires, or machining, such as by using a laser or water jet. 

[0035] FIG. 1 depicts a perspective view of a portion of an electroforming mandrel 

100 in accordance with some embodiments of U.S. Patent No. 8,916,038.  The mandrel 100 

may be made of electrically conductive material such as stainless steel, copper, anodized 

aluminum, titanium, or molybdenum, nickel, nickel-iron alloy (e.g., Invar), copper, or any 

combinations of these metals, and may be designed with sufficient area to allow for high 

plating currents and enable high throughput.  The mandrel 100 has an outer surface 105 with 

a preformed pattern that comprises pattern elements 110 and 112 and can be customized for a 

desired shape of the electrical conduit element to be produced. In this embodiment, the 

pattern elements 110 and 112 are grooves or trenches with a rectangular cross-section, 

although in other embodiments, the pattern elements 110 and 112 may have other cross-

sectional shapes.  The pattern elements 110 and 112 are depicted as intersecting segments to 

form a grid-type pattern, in which sets of parallel lines intersect perpendicularly to each other 

in this embodiment.   

[0036] The pattern elements 110 have a height ‘H’ and width ‘W’, where the height-

to-width ratio defines an aspect ratio.  By using the pattern elements 110 and 112 in the 

mandrel 100 to form a metallic article, the electroformed metallic parts can be tailored for 

photovoltaic applications.  For example, the aspect ratio may be between about 0.01 and 

about 10 as desired, to meet shading constraints of a solar cell.   

[0037] The aspect ratio, as well as the cross-sectional shape and longitudinal layout of 

the pattern elements, may be designed to meet desired specifications such as electrical current 

capacity, series resistance, shading losses, and cell layout.  Any electroforming process can 

be used.  For example, the metallic article may be formed by an electroplating process.  In 

particular, because electroplating is generally an isotropic process, confining the 

electroplating with a pattern mandrel to customize the shape of the parts is a significant 

improvement for maximizing efficiency.  Furthermore, although certain cross-sectional 
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shapes may be unstable when placing them on a semiconductor surface, the customized 

patterns that may be produced through the use of a mandrel allows for features such as 

interconnecting lines to provide stability for these conduits.  In some embodiments, for 

example, the preformed patterns may be configured as a continuous grid with intersecting 

lines.  This configuration not only provides mechanical stability to the plurality of 

electroformed elements that form the grid, but also enables a low series resistance since the 

current is spread over more conduits.  A grid-type structure can also increase the robustness 

of a cell.  For example, if some portion of the grid becomes broken or non-functional, the 

electrical current can flow around the broken area due to the presence of the grid pattern. 

[0038] FIGs. 2A-2C are simplified cross-sectional views of stages in producing a 

metal layer piece using a mandrel in accordance with some embodiments, as disclosed in 

U.S. Patent No. 8,916,038.  In FIG. 2A, a mandrel 102 with pattern elements 110 and 115 is 

provided.  Pattern element 115 has a vertical cross-section that is tapered, being wider toward 

the outer surface 105 of the mandrel 102.  The tapered vertical cross-section may provide 

certain functional benefits, such as increasing the amount of metal to improve electrical 

conductivity, or aiding in removal of the electroformed piece from the mandrel 102.  The 

mandrel 102 is subjected to an electroforming process, in which electroformed elements 150, 

152 and 154 are formed within the pattern elements 110 and 115 as shown in FIG. 2B.  The 

electroformed elements 150, 152 and 154 may be, for example, copper only, or alloys of 

copper.  In other embodiments, a layer of nickel may be plated onto the mandrel 102 first, 

followed by copper so that the nickel provides a barrier against copper contamination of a 

finished semiconductor device.  An additional nickel layer may optionally be plated over the 

top of the electroformed elements to encapsulate the copper, as depicted by nickel layer 160 

on electroformed element 150 in FIG. 2B.  In other embodiments, multiple layers may be 

plated within the pattern elements 110 and 115, using various metals as desired to achieve the 

necessary properties of the metallic article to be produced. 

[0039] In FIG. 2B the electroformed elements 150 and 154 are shown as being 

formed flush with the outer surface 105 of mandrel 102.  Electroformed element 152 

illustrates another embodiment in which the elements may be overplated.  For electroformed 

element 152, electroplating continues until the metal extends above the outer surface 105 of 

mandrel 102.  The overplated portion, which typically will form as a rounded top due to the 

isotropic nature of electroforming, may serve as a handle to facilitate the extraction of the 

electroformed element 152 from mandrel 102.  The rounded top of electroformed element 

152 may also provide optical advantages in a photovoltaic cell by, for example, being a 
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reflective surface to aid in light collection.  In yet other embodiments not shown, a metallic 

article may have portions that are formed on top of the mandrel outer surface 105, such as a 

bus bar, in addition to those that are formed within the preformed patterns 110 and 115. 

[0040] In FIG. 2C the electroformed elements 150, 152 and 154 are removed from the 

mandrel 102 as a free-standing metallic article 180.  Note that FIGs. 2A-2C demonstrate three 

different types of electroformed elements 150, 152 and 154.  In various embodiments, the 

electroformed elements within the mandrel 102 may be all of the same type, or may have 

different combinations of electroformed patterns.  The metallic article 180 may include 

intersecting elements 190, such as would be formed by the cross-member pattern elements 

112 of FIG. 1.  The intersecting elements 190 may assist in making the metallic article 180 a 

unitary, free-standing piece such that it may be easily transferred to other processing steps 

while keeping the individual electroformed elements 150, 152 and 154 aligned with each 

other.  The additional processing steps may include coating steps for the free-standing 

metallic article 180 and assembly steps to incorporate it into a semiconductor device.  By 

producing the metal layer of a semiconductor as a free-standing piece, the manufacturing 

yields of the overall semiconductor assembly will not be affected by the yields of the metal 

layer.  In addition, the metal layer can be subjected to temperatures and processes separate 

from the other semiconductor layers.  For example, the metal layer may undergo high 

temperature processes or chemical baths that will not affect the rest of the semiconductor 

assembly. 

[0041] After the metallic article 180 is removed from mandrel 102 in FIG. 2C, the 

mandrel 102 may be reused to produce additional parts.  Being able to reuse the mandrel 102 

provides a significant cost reduction compared to current techniques where electroplating is 

performed directly on a solar cell.  In direct electroplating methods, masks or mandrels are 

formed on the cell itself, and thus must be built and often destroyed on every cell.  Having a 

reusable mandrel reduces processing steps and saves cost compared to techniques that require 

patterning and then plating a semiconductor device.  In other conventional methods, a thin 

printed seed layer is applied to a semiconductor surface to begin the plating process.  

However, seed layer methods result in low throughputs.  In contrast, reusable mandrel 

methods as described herein can utilize mandrels of thick metal which allow for high current 

capability, resulting in high plating currents and thus high throughputs.  Metal mandrel 

thicknesses may be, for example, between 0.2 to 5 mm. 

[0042] Metallic articles fabricated by an electroforming mandrel enable features to be 

tailored even further to meet desired functional and manufacturing needs of a particular 
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photovoltaic cell, such as is disclosed in U.S. Patent No. 8.936,709, owned by the assignee of 

the present application and hereby incorporated by reference.  For example, individual shapes 

of elements within the metallic article can be custom-designed, or elements in one region of 

the metallic article can be designed with features geometrically different from elements in 

another region.  The customized features may be used individually or in combination with 

each other.  The use of an electroforming mandrel decouples dimensional constraints of the 

overall electroformed piece so that the features may be optimized for a particular area within 

the metallic article.  Furthermore, the metallic articles produced by the electroforming 

methods enable tailoring for a particular type of cell, such as lower-cost residential versus 

high-efficiency cells.  Features of the metallic articles also allow for integration of 

interconnection components, so that solar cells that utilize the metallic articles as electrical 

conduits are module-ready.  The metallization provided by the metallic articles provide a 

higher metallization volume and lower resistance than traditional cell metallizations with the 

same footprint, while reducing cost compared to silver-based and ribbon-based metallization.  

The metallic articles also facilitate light-weight and sag-tolerant photovoltaic cells designs. 

[0043] FIG. 3 shows a top view of a metallic article 400 of the present disclosure in 

accordance with some embodiments of various features adapted for a photovoltaic cell.  A 

semiconductor substrate 402 is shown in dashed lines to demonstrate the placement of 

metallic article on a photovoltaic cell, where the metallic article 400 is configured here as a 

grid for the front side of the cell.  However, the features described herein may be applied to 

an electrical conduit for the back side of a photovoltaic cell.  In this disclosure, reference to 

semiconductor materials in formation of a semiconductor device or photovoltaic cell may 

include amorphous silicon, crystalline silicon or any other semiconductor material suitable 

for use in a photovoltaic cell.  The metallic articles may be also applied to other types of 

semiconductor devices other than photovoltaic cells.  Semiconductor substrate 402 is shown 

in FIG. 3 as a mono-crystalline cell with rounded corners, also referred to as a pseudosquare 

shape.  In other embodiments, the semiconductor substrate may be multi-crystalline, with a 

fully square shape.  Semiconductor substrate 402 may have electrical conduit lines (not 

shown) on its surface, such as silver fingers, that carry current generated by substrate 402. 

[0044] The metallic article 400 includes a first region 456 having a plurality of 

electroformed elements that are configured to serve as an electrical conduit for a light-

incident surface of the photovoltaic cell.  A cell-to-cell interconnect 440 is integral with the 

first region 456.  Silver fingers may be screen-printed onto the semiconductor substrate 402 

according to conventional methods.  For example, the silver fingers may be lines that are 
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perpendicular to the direction of grid lines 410 in the first region 456.  The elements of 

metallic article 400 then serve as electrical conduits to carry electrical current from the silver 

fingers.  In this embodiment of FIG. 3, grid lines 410 (in the horizontal direction in FIG. 3) 

and segments 420 (in the vertical direction in FIG. 3) in the first region 456 of metallic article 

400 are electrically coupled to the semiconductor substrate 402, such as by soldering, to 

collect and deliver the current to the interconnection element or cell-to-cell interconnect 440.  

Grid lines 410 may be perpendicular to the edge of the first region 456.  Cell-to-cell 

interconnect 440 enables cell-to-cell connections for a solar module to create a solar array.  

Fabricating metallic article 400 with a metal such as copper reduces the cost compared to a 

cell in which silver is used for all the electrical conduits, and can also improve cell efficiency 

due to improved conductivity. 

[0045] The plurality of electroformed elements may comprise a plurality of first 

elements intersecting a plurality of second elements.  For example, the grid lines 410 and 

segments 420 of FIG. 3 are shown as intersecting and approximately perpendicular to each 

other; however, in other embodiments they may be at non-perpendicular angles to each other.  

Although both the grid lines 410 and segments 420 are capable of carrying electrical current, 

grid lines 410 provide the path of least resistance to cell-to-cell interconnect 440 and would 

function as the primary carriers of electrical current.  Segments 420 provide mechanical 

support for the free-standing metallic article 400, both in terms of strength and in maintaining 

dimensional specifications of the grid.  However, segments 420 can also serve as electrical 

conduits, such as in providing redundancy if grid lines 410 should fail.  In some 

embodiments, grid lines 410 and segments 420 may have widths 412 and 422, respectively, 

that differ from each other such as to optimize mechanical strength or achieve a desired fill 

factor for the cell.  For example, width 412 of grid lines 410 may be smaller than width 422 

of segments 420, so that segments 420 provide sufficient mechanical stability for metallic 

article 400 while grid lines 410 are tailored to achieve as high a fill factor as possible.  In 

further embodiments, certain grid lines 410 may have different widths than other grid lines 

410, such as to address mechanical strength or electrical capacity of a particular zone.  The 

pitch of grid lines 410 may also vary from the segments 420, or may vary from each other in 

different regions within metallic article 400 to meet required device conduction requirements.  

In some embodiments, a coarser or finer mesh pitch may be chosen based on, for example, 

the silver finger designs of the wafer, the precision of the silver screen printing process, or the 

type of cell being used. 
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[0046] In another embodiment, the pattern of the elements in the first region 456 to 

collect and deliver the current to an interconnection element of metallic article 400 may 

consist of grid lines (in the horizontal direction) and grid lines (in the vertical direction) 

which are electrically coupled to the semiconductor substrate 402.  The grid lines in the 

vertical direction may differ from the segments 420 in FIG. 3 in that the grid lines in the 

vertical direction run from one edge member 450 of the metallic article 400 to the other edge 

member 450 of the metallic article 400 and are substantially perpendicular to the horizontal 

grid lines.  The horizontal grid lines and the vertical grid lines form a mesh configuration. 

[0047] Further features that may be tailored may be designed into the electroforming 

mandrel in which the metallic article is fabricated.  For example, the metallic article may 

have intersecting grid lines forming a mesh configuration over the majority of the first region 

456 of the metallic article.  The grid lines may have a width that is non-uniform along its 

length.  In some embodiments, the width of the horizontal grid line is wider nearer the 

interconnect element (or cell-to-cell interconnect 440), which is the current collection end of 

the cell.  This increased width accommodates the higher electrical current at this end, as 

current is gathered by the metallic article across its surface of the first region 456.  Thus, the 

increased width reduces resistive losses.  The height of the grid line may also be adjusted as 

desired in the areas of increased width. 

[0048] Moreover, the lengthwise profile may be altered in shape in addition to 

varying in width.  The horizontal and vertical grid lines may be configured with a non-linear 

pattern that allows the grid lines to expand lengthwise, thus serving as an expansion segment.  

In some embodiments, the both the horizontal and vertical grid lines may have a wave-type 

pattern, as exemplified by grid lines 410 and segments 420.  The wave pattern may be 

configured as, for example, a sine-wave or other curved shape or geometries.  The wave 

pattern may provide extra length between solder points to allow the metallic article to expand 

and contract, such as to provide strain relief for differences in coefficients of thermal 

expansion (CTE) between metallic article and the semiconductor substrate to which it is 

joined.  For example, a copper has a CTE of around five times that of silicon.  Thus, a copper 

metallic article soldered to a silicon substrate will experience significant strain during heating 

and cooling steps involved with manufacturing the sub-assembly into a finished solar cell.  In 

other embodiments only certain grid lines may be configured as expansion segments.  In yet 

further embodiments, only a certain portion of a single grid line may be configured as an 

expansion segment, while the remainder of the length is linear. 
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[0049] In the embodiment of FIG. 3, the grid lines 410 have a wave-type pattern.  

Also, the segments 420 have a wave-type pattern.  Near the cell-to-cell interconnect 440, 

additional horizontal sections 430 may be present.  The additional horizontal sections 430 

provide additional current carrying capability.  In other embodiments, the grid lines 410 and 

segments 420 may be linear or be a combination of wave-type pattern and linear.  Grid lines 

410 and segments 420 also include edge members 450 and 455, which are configured to be 

located near the perimeter of a solar cell.  For instance, the edge members 450 and 455 may 

be located 1-3 mm from the edges of the wafer.  Because edge members 450 and 455 form 

the perimeter of metallic article 400, edge members 450 and 455 may be wider than other 

grid lines 410 and segments 420 in the interior of metallic article 400, to provide additional 

structural support.  Edge members 455 are configured as corner bus bars in the embodiment 

of FIG. 3, that form an angle from the main edge member 450.  That is, edge member 450 has 

a change in conduit direction along the length, such as to accommodate a pseudosquare shape 

in this embodiment.  This change in direction can be integrally formed by the electroforming 

mandrel, and can include tailoring the width of the corner bus bar 455 for improving 

mechanical strength and reducing resistive losses.  Wider bus bars 450 and 455 at the 

perimeter of metallic article 400 can also improve the bonding strength when attaching the 

metallic article 400 to the semiconductor substrate 402. 

[0050] Cell-to-cell interconnect 440 is near an edge of the metallic article 400.  The 

cell-to-cell interconnect 440 is integral with the first region 456.  The cell-to-cell interconnect 

440 is configured to extend beyond the light-incident surface of the first region 456 and to 

directly couple the metallic article 400 to a neighboring photovoltaic cell.  FIGs. 4A and 4B 

are a close-up view of a cell-to-cell interconnect in accordance with some embodiments.  The 

cell-to-cell interconnect 440 includes a plurality of electroformed, appendages 460.  Each 

appendage 460 has a first end 462 coupled to an edge 464 of the first region 456 and a second 

end 466 opposite the first end 462 and away from the edge 464.  That is, the second end 466 

is coupled to a metallic strip 470 of cell-to-cell interconnect 440.  The appendages 460 are 

spaced apart from each other.  By having neighboring appendages 460 spaced apart – that is, 

not joined together – stress relief is improved due to the independent flexion and thermal 

expandability of each appendage. 

[0051] In some embodiments, each appendage 460 traverses a non-perpendicular path 

between the edge 464 of the first region 456 and the metallic strip 470.  The pattern of 

appendages 460 form an outline of an hourglass or bowling pin shape comprised of curved 

surfaces within the original plane of the cell-to-cell interconnect 440, with little to no sharp or 
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straight edges or angles.  Other shapes of appendages 460 may be used such as symmetric or 

asymmetric; sinusoidal wave-like shapes such as S-shaped, U-shaped, W-shaped, V-shaped, 

serpentine shaped, saw-tooth shaped; L-shaped or other curved or linearly bent 

configurations.  The choice of shape depends on the application in which the photovoltaic 

cell is to be used, such as the amount of mechanical flexing and temperature variation to 

which the cell will be exposed.  For example, an increased number or amplitude of curves (or 

bends) along the appendage can be chosen for higher mechanical and thermal stress 

environments. 

[0052] The curvature of the appendages 460 may be larger at the first end 462 or the 

second end 466, compared to the other end.  The appendages 460 may be spaced apart from 

each other and the pattern of the appendages 460 may be repeated one after another in a head-

to-tail fashion or in a head-to-head way.  The appendages 460 may have a repeating or non-

repeating pattern across the cell-to-cell interconnect 440.  The appendages 460 enable lateral 

compliance and a spring-like structure for strain relief due to mechanical and thermal 

stresses.  

[0053] FIGs. 4C-4K depict a partial view of the cell interconnect 440 with various 

shapes of appendages in accordance with some embodiments.  For example, FIG. 4C has a 

W-shaped appendage, FIG. 4D has a L-shaped appendage, FIG. 4E has a V-shaped 

appendage, FIG. 4F has a U-shaped appendage and FIG. 4G has a serpentine shaped 

appendage with three U-shaped curves.  FIGs. 4H and 4I are similar to FIG. 4G but with 

different amplitude curves of the appendage than as shown in FIG. 4G.  FIG. 4J has a S-

shaped appendage and FIG. 4K has a serpentine shaped appendage with three S-shaped 

curves. 

[0054] The designs illustrated in FIGs. 4C, 4D and 4E show sample dimensions of the 

appendages 460.  The appendage 460 spans the distance between the edge 464 of the first 

region 456 and the metallic strip 470, labeled as a distance “X” on FIG. 4C.  The orthogonal 

distance X between edge 464 of the first region 456 and metallic strip 470 to be designed into 

metallic article 400 will depend on factors such as the gap between solar cells when 

assembled in a module, and the amount of flexing that the module is designed to endure.  For 

example, the distance X may be 4-10 mm, such as 6 mm.  In some embodiments, the length 

of the appendage 460, along the path of the appendage material (path “Z” in FIG. 4C), is 

greater than 1.4 times the distance X between the edge 464 of the first region 456 and the 

metallic strip 470.  In one example where X is 6 mm, the appendage length Z is at least 1.4 x 

6 mm = 8.4 mm.  In other embodiments, the appendage length of the appendage 460 is up to 
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3 times the distance between the edge 464 of the first region 456 and the metallic strip 470.  

In further embodiments, the appendage length of the appendage 460 is at least 1.5 to 2 times 

the distance X – that is, the distance between the edge 464 of the first region 456 and the 

metallic strip 470.   

[0055] In some embodiments, in a plan view, the width “W” of the appendage 460 

may be at least 80 μm to 350 μm.  The width of the appendages 460 will depend on the total 

number of appendages 460 and the electrical current capacity of the photovoltaic cell that 

must be carried by the appendages 460.  Depending on the shape of the appendage 460, the 

width of the appendage 460 may vary along the shape.  For example, in FIG. 4E, the width of 

the appendage 460 is 190 μm in some portions and 300 μm in other portions such as in the 

radius sections.  In other embodiments, in a plan view, the width of the appendage 460 is 

constant throughout.  For example, in FIGs. 4F and 4H, the width of the appendage 460 is 

200 μm throughout the entire shape.  In some embodiments, the thickness of the appendage 

460 is at least 90 μm and less than 150 μm. 

[0056]   A tangent angle of the appendage 460 with respect to the horizontal edge 464 

of the first region 456 may be calculated and defined as Y in FIG. 4C.  Larger tangent angles 

may result in a shape of the appendage 460 that enables more dense nesting and packing of 

the appendages 460 close to one another.  The greater the number of appendages 460 that can 

be incorporated into the cell-to-cell interconnect 440, the greater the possible amount of 

electrical current flow between metallic articles 400 while minimizing electrical resistance.  

For example, in FIG. 4C, the angle between any tangent to the appendage and a horizontal 

edge of the first region is angle Y = 18; in FIG. 4D, the angle Y = 19; in FIG. 4E, the angle 

Y = 23.2.  In some embodiments, the angle between the tangent of the appendage 460 and 

the horizontal edge 464 of the first region 456 is at least 12.  In other embodiments, the 

angle is less than 75. 

[0057] The designs illustrated in FIGs. 4F-4K show shapes of the appendage 460 with 

the tangent angle Y being very small, such as 0.  Because of the geometry of theses shapes, 

the appendages 460 do not nest as closely per centimeter but may enable the appendages 460 

to have more flexibility, springiness and durability due to the increased appendage length Z 

compared to the shapes depicted in FIGs. 4C-4E, while still providing sufficient electrical 

properties.  When designing the shape of the appendage 460, there is a trade-off between 

mechanical and electrical properties; that is, mechanical flexibility/durability of the 
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appendages 460 and densely packing the appendages 460 along the cell-to-cell interconnect 

to enable less electrical resistance and more current flow between the photovoltaic. 

[0058] The use of a particular appendage shape, such as those shown in FIGs. 4A-4K, 

will depend on the specifications for which the photovoltaic module is being designed.  For 

example, the amount and direction of mechanical deflection, and the amount of thermal 

expansion and contraction will affect the appendage length Z that is needed to accommodate 

the stresses on the metallic article 400.  In another example, the amount of torsional stresses 

on a photovoltaic module can affect the choice of radius used in the curves of an appendage.  

In general, the greater the amount of expansion and/or flexing, the greater the appendage 

length Z is desired to serve as a spring element to accommodate these stresses.  Also, the 

greater the electrical current capacity of the module, the greater the amount of material in the 

appendages is desired – as provided by the number of appendages and/or the width of the 

appendages –for carrying the electrical current.  

[0059] FIGs. 4L-4N show the cell-to-cell interconnect 440 in accordance with some 

embodiments, showing the nesting of appendages and additional features for improving 

durability of the metallic article.  FIG. 4L illustrates a W-shaped appendage 460 of the cell-

to-cell interconnect 440, where FIG. 4M illustrates a close-up view of FIG. 4L.  FIG. 4N 

illustrates a U-shaped appendage 460 of the cell-to-cell interconnect 440.  The appendages 

460 are configured to nest with one appendage 460 fitting at least partially into the space of 

another appendage 460, maximizing the number of appendages 460 positioned in a particular 

length, width or distance.  In some embodiments, the appendages 460 may be repeated at 

least 8 times per centimeter, at least 10 per centimeter, or at least 12 per centimeter.  When 

comparing FIG. 4M to FIG. 4N, the W-shaped appendages 460 of FIG. 4M are much more 

densely packed per centimeter than the U-shaped appendages 460 of FIG. 4N.  For example, 

the W-shaped appendages 460 have a tangent angle Y as discussed in FIG. 4C of 

approximately 18 while the U-shaped appendages 460 have a tangent angle Y of practically 

0.  With the tangent angle Y being very small, or less than 12, it is difficult to closely nest 

the appendages 460 together as illustrated when comparing FIG. 4M to FIG. 4N. 

[0060] FIGs. 4L-4N show a further feature that may be used to improve durability 

and manufacturability of the metallic articles, where the cell-to-cell interconnects 440 have 

one or more links 474.  Each link 474 has a first link end coupled to an edge 464 of the first 

region 456 and a second link end opposite the first link end and away from the edge 464 of 

the first region 456.  The second link end is coupled to the metallic strip 470.  The link 474 is 
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linear and is perpendicular to the edge of the first region 456.  In some embodiments, the 

appendage length is greater than the length of the link 474.  In some embodiments, the length 

of the link is the distance X – that is, the distance between the edge 464 of the first region 456 

and the metallic strip 470. 

[0061] Each link 474 has a neck 476 which is tapered and narrower in width than the 

width of the link 474, to provide a designated breakage point for the link 474.  The neck 476 

is illustrated at the second link end of the link 474 in these embodiments, such that the 

tapered neck is along a length of the link, but the neck 476 may be located anywhere along 

the link 474 as desired. In some embodiments, in a plan view, the width of the link 474 is less 

than 200 μm and the neck 476 is less than 50 μm.  In a plan view, the width of the neck 476 is 

at least 1.5 times thinner than the width of the link 474. 

[0062] The links 474 provide stability to the metallic article 400, absorb forces and 

prevent breakage from forces, such as tension or torque, being applied to the appendages 460 

during manufacture.  For example, when the metallic article 400 is removed from an 

electroforming mandrel, typically by separating, lifting or peeling, the links 474 provide 

stability to the metallic article 400 and prevent the plurality of appendages 460 from 

stretching or breakage.  The removal process is described in some embodiments of U.S. 

Patent No. 8,916,038.  The links 474 also provide stability when manufacturing the metallic 

article using other methods (e.g., stamping), or when handling the free-standing metallic 

article prior to the article being bonded onto a solar cell. 

[0063] Referring to FIG. 4M, the neck 476 at the second end of the link 474 is tapered 

and narrower than the rest of the link 474 and is a weaker section of the cell-to-cell 

interconnect 440 where breakage, if necessary, is designed to occur in a controlled fashion.  

The cell-to-cell interconnect 440 is designed to break at the neck 476 of the link 474 when a 

force is applied to the cell-to-cell interconnect 440.  The neck 476 of the link 474 is designed 

to break at a force that is less than a breaking strength of the appendages 460.  The link 474 

serves to prevent stresses on the appendages 460 while the metallic article 400 is being 

handled during manufacturing.  However, once the metallic article 400 has been assembled 

into a solar module, it is not necessary for the link 474 to remain intact, since the appendages 

460 provide the operative flexing region of the cell-to-cell interconnect 440.  If breakage 

occurs in the links 474, the electrical conductance between the appendages 460 and the 

metallic strip 470 will be only slightly reduced since the links 474 are few in number 

compared to the appendages 460.  For example, the solar module array may be subjected to 

shock and vibration during transportation or while in service due to thermal cycling and may 
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experience mechanical stress.  The cell-to-cell interconnect 440 with the plurality of the 

appendages 460 improve the natural in-plane and out-of-plane inflexibility or rigidness 

between adjacent solar cells because the appendages 460 may act as soft, flexible springs 

which conduct electrical current and do not crack or break during transportation, installation 

and normal thermal cycling. 

[0064] The embodiments of FIGs. 4L-4N depict two links 474 at one end of the row 

of appendages 460, two links 474 in the middle of the row, and two links 474 at an opposite 

end (not shown).  Other configurations are possible, such as one link at each location, or one 

or more links 474 at various locations along the row of appendages 460, or just a single link 

474 for the entire row (e.g., one link 474 placed in the middle of the row). 

[0065] In some embodiments, the cell-to-cell interconnect 440 may have one or more 

crossbars 478 extending across the appendages 460 and connecting one appendage 460 to a 

neighboring appendage 460.  Referring to FIGs. 4M and 4N, the crossbars 478 are positioned 

horizontally between the appendages 460 and additionally, between the appendage 460 and 

link 474.  Optionally, the crossbars 478 may be positioned between the links 474.  The 

crossbars 478 provide stability to the metallic article 400 such as to prevent the appendages 

from being damaged during the separation of the metallic article 400 from the mandrel 100, 

and to enable the appendages 460 to flex and move in unison while still preserving the overall 

springiness of the appendages 460.  There may be one row of crossbars 478 such as shown in 

FIG. 4N or a plurality of rows of crossbars 478 such as shown in FIG. 4M.  The placement of 

the crossbars 478 relative to the appendages may be uniform or random.  In the embodiments 

of FIGs. 4M and 4N, the crossbars 478 are placed at the peaks of the curves in the 

appendages 460, where damage due to mishandling is most likely to occur. 

[0066] The metallic article 400, including the first region 456 and the cell-to-cell 

interconnect 440, may be electroformed on an electrically conductive mandrel and formed by 

a preformed pattern to form a unitary, free-standing piece when separated from the 

electrically conductive mandrel.  In some embodiments, the cell-to-cell interconnect 440 of 

the metallic article 400 may be formed in plane with the first region 456.  In other 

embodiments, the cell-to-cell interconnect 440 of the metallic article 400 may be manipulated 

to create a bend or angle out of the plane of the first region 456.  FIGs. 5A-5C depict a 

method of processing for the metallic article 400 in accordance with some embodiments.  For 

example, FIG. 5A shows the metallic article 400 including the first region 456 and the cell-

to-cell interconnect 440, placed in a fixture 468.  The fixture 468 may be a forming press that 

changes the shape of a workpiece by the application of pressure such as by a hydraulic, 
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mechanical or pneumatic mechanism.  The top and bottom portions of the fixture 468 may be 

preformed with the pattern or a die may be used so that when the press is closed, pressure is 

applied deforming the workpiece into the preformed shape.  In FIGs. 5A-5C, an S-shaped 

bend 472 is provided in the fixture 468, to form a corresponding bend shape in the cell-to-cell 

interconnect 440.  FIG. 5B demonstrates the fixture 468 in the closed positon applying 

pressure to the metallic article 400.  FIG. 5C is the fixture 468 in the open position showing 

the new shape of the metallic article 400. 

[0067] FIG. 5D depicts two metallic articles 400a and 400b in which 400a is after 

formation by fixture 468 in accordance with some embodiments.  Metallic article 400a may 

be configured for a front surface of a photovoltaic cell, while metallic article 400b is for a 

back surface.  Metallic article 400a is coupled to metallic article 400b via cell-to-cell 

interconnect 440, where the bend in the direction perpendicular to the cell plane facilitates the 

front-to-back connect.  The first region 456 of metallic article 400 may comprise a first plane 

and the cell-to-cell interconnect 440 may comprise a bend that places the second ends 466 of 

the plurality of electroformed appendages 460 in a second plane different from the first plane.  

In some embodiments, the bend may be configured at an angle of 5° to 85° relative to the 

plane of the metallic article (see angle N, FIGs. 7A-7B). 

[0068] The cell-to-cell interconnect 440 is configured to extend beyond the light-

incident surface and to directly couple the metallic article 400 to a neighboring photovoltaic 

cell.  For example, the cell-to-cell interconnect 440 may be coupled to the front side of the 

photovoltaic cell and the back side of a neighboring photovoltaic cell when the photovoltaic 

cell and the second photovoltaic cell are adjacent.  This enables current to flow between the 

metallic article 400 and the second metallic article.  FIG. 6 illustrates a top view of the cell-

to-cell interconnect 440 coupled to the front side of one photovoltaic cell and the back side of 

a neighboring photovoltaic cell in accordance with some embodiments. 

[0069] When the cell-to-cell interconnect 440 is coupled to the front side of the 

photovoltaic cell and the back side of a second photovoltaic cell, the electroformed 

appendage 460 is configured to protrude or bulge out of plane with the photovoltaic cell and 

out of plane with the second photovoltaic cell.  FIGs. 7A-7C illustrate side views of the cell-

to-cell interconnect 440 between two adjacent photovoltaic cells in accordance with some 

embodiments.  FIG. 7A provides a simplified side view of interconnected cells assembled 

within a solar module; FIG. 7B provides a side view of interconnected solar cells, and FIG. 

7C shows a perspective view of interconnected metallic articles.  In FIG. 7A, tight curves are 

avoided to maximize the strain relief aspect in the design.  Arrows K and L indicate the 
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protrusions of the cell-to-cell interconnect 440, which are out of plane with the photovoltaic 

cell and out of plane with the second photovoltaic cell when mounted between adjacent 

photovoltaic cells.  Arrows J and M indicate slight curves of the cell-to-cell interconnect 440 

before coupling to the first region 456 of the metallic article 400.  The angle N indicates a 

bend angle which may be, for example, 5° to 85°. 

[0070] FIG. 7B is the cell-to-cell interconnect 440 in accordance with some 

embodiments.  Two adjacent photovoltaic cells, each with a first region 456 are positioned at 

a distance P which may be, for example, approximately 1.0 mm to 3.0 mm apart, or in this 

embodiment, 2.0 mm apart.  In some embodiments, the length of the appendages 460 is at 

least 4 times the gap distance between adjacent photovoltaic cells.  For example, in some 

embodiments, if the adjacent photovoltaic cells are positioned at a distance P which is 2.0 

mm, then the length of the appendages 460 is 4 x 2.0 mm = 8.0 mm.  This is applicable to 

when the first region 456 and the cell-to-cell interconnect 440 are located in the same plane 

or when the cell-to-cell interconnect 440 comprises a bend that places the second ends 466 of 

the plurality of appendages 460 in a second plane different from the first plane. 

[0071] The first end 462 of the appendage 460 of the cell-to-cell interconnect 440 is 

in plane with the first region 456 of the first photovoltaic cell.  Because of the formation of 

the bend N of the cell-to-cell interconnect 440 and the mounting of the cell-to-cell 

interconnect 440 between two adjacent photovoltaic cells, a first protrusion indicated by 

Arrow K is vertically out of plane by a height Q, such as approximately 0.2 mm to 0.4 mm, 

or in this embodiment, 0.3 mm from the first region 456a of the first photovoltaic cell.  The 

second end 466 of the appendage 460 of the cell-to-cell interconnect 440 is in plane with the 

first region 456b of the second photovoltaic cell.  Arrow L indicates a second protrusion of 

the cell-to-cell interconnect 440.  In this case, the second protrusion is vertically out of plane 

by a height R, such as approximately 0.3 mm to 0.6 mm, or in this embodiment, 0.5 mm from 

the first region 456b of the second photovoltaic cell.  The first protrusion and second 

protrusion may be vertically out of plane by different heights in order to maximize the 

durability of the interconnect. 

[0072] FIG. 7C depicts a perspective view of the cell-to-cell interconnect 440 

between two adjacent metallic articles.  The first protrusion and the second protrusion in each 

appendage 460 of the cell-to-cell interconnect 440, provides stress relieving bends in the 

metallic article 400.  The flexibility of the cell-to-cell interconnect 440 between photovoltaic 

cells alleviates issues of breakage or warping during transportation, installation or normal 



  

 

21 
 

thermal cycling.  Traditional three bus bar interconnects often cause warpage to the 

photovoltaic cell due to their natural inflexibility between cells.   

[0073] In some embodiments, the metallic article 400 further comprises a metallic 

strip 470 integral with the cell-to-cell interconnect 440 and coupled to the second ends 466 of 

the plurality of electroformed appendages 460.  The metallic strip 470 is configured to be 

coupled to a back side of the neighboring photovoltaic cell.  The metallic strip 470 of the cell-

to-cell interconnect 440 serves as a solder pad for the back of an adjacent cell, while the 

appendages 460 serve as electrical conduits between solar cells.  Note that the cell-to-cell 

interconnect 440 design has a large surface area compared to conventional solder ribbon, in 

which three bus ribbons are used.  Consequently, the design of cell-to-cell interconnect 440 

improves efficiency at the module level by providing low series resistance and minimal 

voltage drop.  For example, the width 432 of the cell-to-cell interconnect 440 may be 5-10 

mm, such as 6-8 mm, compared to a width of 50-100 μm for grid lines 410 and segments 

420. 

[0074] The length of cell-to-cell interconnect 440 may approximate the edge length of 

a photovoltaic cell, such as the entire edge of a multi-crystalline cell or the length between 

corners of a mono-crystalline cell.  In another embodiment, the cell-to-cell interconnect 440 

may span at least one quarter of the edge of the first region 456 of the photovoltaic cell.  In 

further embodiments, the cell-to-cell interconnect 440 may span nonconsecutive portions of 

the approximate edge length of a photovoltaic cell.  For example, FIG. 8 illustrates a 

perspective view of the metallic article 400 as part of the photovoltaic cell in accordance with 

some embodiments.  In this embodiment, the cell-to-cell interconnect 440 spans 

nonconsecutive portions 440a and 440b of the edge length of a photovoltaic cell.  In further 

embodiments, the cell-to-cell interconnect 440 may span nonconsecutive or consecutive 

portions of the edge entire length of a photovoltaic cell or the partial edge length of the 

photovoltaic cell.  The metallic strip 470 spans the entire length of the photovoltaic cell.  In 

another embodiment, the metallic strip 470 may span the length of the cell-to-cell 

interconnect 440.  By spanning at least one quarter of the edge of the first region 456 of the 

photovoltaic cell, there are a plurality of current paths between adjacent cells in the solar 

module enhancing the redundancy over conventional three bus bar configurations.  This 

alleviates the issue of the photovoltaic cell losing efficiency due to interconnection failures as 

is common with three bus bar configurations. 

[0075] The cell-to-cell interconnect 440 may also serve as a manufacturing aid for 

removing the metallic article 400 from the electroforming mandrel.  As discussed herein, the 
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cell-to-cell interconnect 440 may be bent or angled after electroforming, such as to enable a 

front-to-back connection between cells.  The cell-to-cell interconnect 440 may be formed 

integrally with the grid lines 410 and segments 420, which can reduce manufacturing cost by 

eliminating joining steps.  In other embodiments, the cell-to-cell interconnect 440 may be 

formed as a separate piece and then joined to the first region 456, such as to allow for 

interchangeability of interconnection elements with different grid designs. 

[0076] The cell-to-cell interconnect 440 may have a height – that is, a thickness – that 

may be different from the rest of metallic article 400.  The thickness of the cell-to-cell 

interconnect 440 may comprise a height that is different from a height of the plurality of 

electroformed elements.  In some embodiments, for example, the cell-to-cell interconnect 440 

may have a height of 80-100 μm while the grid lines 410 may have a thickness or height of 

100-200 μm, such as 100-150 μm.  Because the cell-to-cell interconnect 440 provide the 

mechanical, as well as electrical connections between cells in a module, the height may be 

tailored with a specific thickness to meet specified flex-testing requirements.  A thinner cell-

to-cell interconnect 440 may improve resistance to fatigue failure – such as flexing during 

transportation and exposure to environmental forces – while minimizing voltage loss by 

providing a large surface area for current flow. 

[0077] The metallic article with the cell-to-cell interconnect described herein was 

subjected to a flexation cycle test.  The flexation cycle test stresses the sample in both the x 

and y axis whereby x is the length of the movement between cells and y is the width of the 

movement.  The results showed an improvement to ‘mean time to failure’ or fatigue of the 

cell-to-cell interconnect in excess of 20 times greater than that of control samples of a 

conventional three bus bar design.  Therefore, the metallic article with the cell-to-cell 

interconnect with multiple appendages and the bend, improved the natural in-plane 

inflexibility or rigidness between adjacent solar cells as well as improving the risk of 

breakage and warping of the photovoltaic cells during transportation, installation and normal 

thermal cycling.  The life of the photovoltaic cell and the solar module array may be 

increased due to a reduction in vibration and stresses between cells when compared to 

conventional three bus bar technology.  The solar module array may be subjected to shock 

and vibration during transportation or in service due to thermal cycling and may experience 

mechanical stress such as by wind buffeting or snow loading. 

[0078] Other benefits with this design are an increase in photovoltaic cell and in solar 

module array durability with regard to thermal cycling during operation.  The risk of 

overheating and/or arcing is significantly reduced or eliminated when compared to current 
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three bus bar designs.  It is known in the art that conventional three bus bar designs overheat 

or arc due to failure or breakage of interconnects in the three bus bars configuration.  In an 

extreme circumstance, if even up to 1/3 of the appendages of the present cell-to-cell 

interconnect failed, the design enables redundancy and maintaining efficiency because the 

remaining appendages can still route the electrical energy produced to the adjacent 

photovoltaic cell and without a risk of fire. 

[0079] FIG. 9 illustrates a module 900 of photovoltaic cells in accordance with some 

embodiments, as would be assembled for a module.  Multiple cells are shown in FIG. 9, 

although any number of cells – such as 36-96 – may be utilized in a module as desired.  Each 

neighboring pair of cells is joined together as described herein.  However, in the embodiment 

of FIG. 9 some photovoltaic cells may be rotated 90° from the previous cell.  For example, 

cell 920 is rotated 90° counterclockwise from cell 910 to connect to cell 930.  Thus, the mesh 

designs that have been disclosed within can be designed with a symmetry that allows for 

various orientations on a cell, enabling cells within a module to be connected in any sequence 

as desired.  The multiple photovoltaic cells of the module 900 are assembled with a gap 960 

between them.  The gap 960 allows for flexure of the overall module, and also assists with 

the flow of laminating material when encapsulating the finished module. 

[0080] FIG. 10 is a flowchart 1000 of a method of forming an electrical component 

for a photovoltaic cell using metallic articles in accordance with some embodiments as 

described above.  Note that although electroforming shall be described for manufacturing the 

metallic article, other methods are possible such as etching, stamping, assembling of wires, or 

machining, such as by using a laser or water jet.  In step 1010, a metallic article is 

electroformed on an electrically conductive mandrel.  The electrically conductive mandrel 

has an outer surface comprising at least one preformed pattern.  The metallic article 

comprises a first region having a plurality of electroformed elements and a cell-to-cell 

interconnect integral with the first region.  The cell-to-cell interconnect has a plurality of 

electroformed appendages.  In some embodiments, the metallic article is configured to serve 

as an electrical conduit within a photovoltaic cell.  In certain embodiments, the metallic 

article may include integral features to enable connections between photovoltaic cells of a 

solar module.  In other embodiments, interconnection features may be fabricated separately 

and joined to the metallic article.  If formed separately, the interconnection features may be 

formed by, for example, electroforming or stamping of sheet material.  At least a portion of 

the finished electroformed metallic article is created within the preformed patterns. 
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[0081] The metallic article has a plurality of electroformed elements with customized 

features that may include one or more of: a) a non-uniform width along a first length of a first 

element, b) a change in conduit direction along the first length of the first element, c) an 

expansion segment along the first length of the first element, d) a first width that is different 

from a second width of a second element in the plurality of electroformed elements, e) a first 

height that is different from a second height of the second element in the plurality of 

electroformed elements, and f) a top surface that is textured.  The metallic article may be 

configured to function as electrical grid lines, bus bars, cell-to-cell interconnects, and solder 

pads for a photovoltaic cell.  The cell-to-cell interconnect may include a link having a first 

link end coupled to an edge of the first region, a second link end opposite the first link end 

and away from the edge of the first region and a tapered neck along a length of the link.  The 

cell-to-cell interconnect may also include a plurality of appendages.  Each appendage has a 

first end coupled to an edge of the first region and a second end opposite the first end and 

away from the edge of the first region.  An appendage length that is greater than the length of 

the link.  The appendages are spaced apart from each other. 

[0082] Step 1010 may include contacting the outer surface of the electroforming 

mandrel with a solution comprising a salt of a first metal, where the first metal may be, for 

example copper or nickel.  The first metal may form the entire metallic article, or may form a 

metallic precursor for layers of other metals.  For example, a solution of a salt comprising a 

second metal may be plated over the first metal.  In some embodiments, the first metal may 

be nickel and the second metal may be copper, where the nickel provides a barrier for copper 

diffusion.  A third metal may optionally be plated over the second metal, such as the third 

metal being nickel over a second metal of copper, which has been plated over a first metal of 

nickel.  In this three-layer structure, the copper conduit is encapsulated by nickel to provide a 

barrier against copper contamination into a semiconductor device.  Electroforming process 

parameters in step 1010 may be, for example, currents ranging from 1 to 3000 amps per 

square foot (1 to 3000 amps/ft2 = 10.76 to 32,292 amps/m2) and plating times ranging from, 

for example, 1 minute to 200 minutes.  Other electrically conductive metals may be applied 

to promote adhesion, promote wettability, serve as a diffusion barrier, or to improve electrical 

contact, such as tin, tin alloys, indium, indium alloys, bismuth alloys, nickel tungstate, or 

cobalt nickel tungstate. 

[0083] After the metallic article is formed, the metallic article with the plurality of 

electroformed elements interconnected, is separated in step 1020 from the electrically 

conductive mandrel to become a free-standing, unitary piece.  The plurality of electroformed 
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elements are configured to serve as an electrical conduit for a light-incident surface of the 

photovoltaic cell.  The cell-to-cell interconnect is configured to extend beyond the light-

incident surface and to directly couple the metallic article to a neighboring photovoltaic cell.  

The cell-to-cell interconnect includes a plurality of electroformed appendages.  Each 

appendage has a first end coupled to an edge of the first region, and a second end opposite the 

first end and away from the edge.  The appendages are spaced apart from each other. 

[0084] The separation may involve lifting or peeling the article from the mandrel, 

such as manually or with the assistance of tools such as vacuum handling.  Peeling may also 

be facilitated by using the interconnect element – such as cell-to-cell interconnect 440 of FIG. 

3 – as a handle for initiating and lifting the metallic article.  Links that are integral to the cell-

to-cell interconnect, such as links 474 as described above, may be included to help prevent 

damage to the appendages during removal of the metallic article from the mandrel.  In other 

embodiments, removal may include thermal or mechanical shock or ultrasonic energy to 

assist in releasing the fabricated part from the mandrel.  The free-standing metallic article is 

then ready to be formed into a photovoltaic cell or other semiconductor device, by attaching 

and electrically coupling the article as shall be described below.  Transferring of the metallic 

article to the various manufacturing steps may be done without need for a supporting 

element. 

[0085] In step 1030 the metallic article is coupled to a semiconductor substrate, 

mechanically and electrically.  Step 1030 may include coupling a front grid to the front side 

of a semiconductor wafer, and coupling a back grid to the back side of the wafer.  The 

coupling may be soldering, such as manual or automated soldering.  The solder may be 

applied at specific points such as silver solder pads that have been printed onto the wafer.  In 

some embodiments, the solder may have been pre-applied onto all or some of the metallic 

article, such as by plating or dipping.  Pre-applied solder may then be reflowed during the 

coupling process of step 1030.  In other embodiments, the solder may be an active solder, and 

may enable bonding at non-metallized portions of the wafer as described in U.S. Provisional 

Patent Application, 61/868,436, entitled “Using an Active Solder to Couple a Metallic Article 

to a Photovoltaic Cell,” filed on August 21, 2013, owned by the assignee of the present 

application and incorporated by reference herein. 

[0086] Joining the metallic article to the semiconductor in step 1030 may utilize, for 

example, ultrasonic, infrared, hot bar, or rapid thermal processing techniques.  The bonding 

may be performed on one joint at a time, or a region of the wafer, or the entire wafer at once.  
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The metallic article may include expansion segments to reduce bowing or breakage that may 

occur from the thermal stresses induced during bonding processes. 

[0087] The semiconductor wafer may undergo additional processing steps before or 

after step 1030, such as to apply anti-reflection coatings.  The specific coatings will be 

dependent on the type of cell being produced, and may include, for example, dielectric anti-

reflective coatings such as nitrides, or transparent conductive oxides such as indium-tin-

oxide.  

[0088] The prepared photovoltaic cells are then connected together in step 1040.  The 

interconnections may be performed as described herein, for a front-to-back series connection.  

In other embodiments, the cells may be wired in parallel with front-to-front and back-to-back 

connections. 

[0089] In step 1050, a module assembly is laminated together.  In some embodiments, 

the assembly may include a backing sheet such as a polyvinyl fluoride (PVF) film, with a 

laminating material (e.g., EVA) placed onto the backing sheet.  The photovoltaic cells are 

placed on the EVA sheet, and another EVA sheet on top of the cells.  Finally, a glass sheet is 

over the top EVA sheet.  In other embodiments, different materials may be used instead of 

glass and EVA to achieve a desired flexibility, durability and weight for the module.  The 

entire layered stack is put in a laminator, where heat and vacuum are applied to laminate the 

assembly.  To complete the module, the electrical connections of the cells are wired to a 

junction box. 

[0090] It can be seen that the free-standing metallic article described herein is 

applicable to various cell types and may be inserted at different points within the 

manufacturing sequence of a solar cell.  Furthermore, the electrical conduits may be utilized 

on either the front surface or rear surface of a solar cell, or both.  The metallic article with the 

cell-to-cell interconnect described herein is suitability for flexible solar module applications.  

Flexible solar modules are convenient, lightweight and portable.  There are many applications 

for flexible solar panels such as battery chargers for devices like PDAs, mobile phones, 

laptops and walkie-talkies.  They may also be used to power camping equipment, field 

communication radios and GPS systems or may be integrated into architectural fabric and 

metal roofing. 

[0091] In addition, although the embodiments herein have primarily been described 

with respect to photovoltaic applications, the methods and devices may also be applied to 

other semiconductor applications such as redistribution layers (RDL’s) or flex circuits.  

Furthermore, the flowchart steps may be performed in alternate sequences, and may include 
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additional steps not shown.  Although the descriptions have described for full size cells, they 

may also be applicable to half-size or quarter-size cells.  For example, the metallic article 

design may have a layout to accommodate the cell having only one or two chamfered corners 

instead of all four corners being chamfered as in a mono-crystalline full pseudosquare. 

[0092] While the specification has been described in detail with respect to specific 

embodiments of the invention, it will be appreciated that those skilled in the art, upon 

attaining an understanding of the foregoing, may readily conceive of alterations to, variations 

of, and equivalents to these embodiments.  These and other modifications and variations to 

the present invention may be practiced by those of ordinary skill in the art, without departing 

from the scope of the present invention, which is more particularly set forth in the appended 

claims.  Furthermore, those of ordinary skill in the art will appreciate that the foregoing 

description is by way of example only, and is not intended to limit the invention.  
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What is claimed is: 

 

1. A metallic article for a photovoltaic cell comprising:  

a first region having a plurality of elements that are configured to serve as an 

electrical conduit for a light-incident surface of the photovoltaic cell; and 

a cell-to-cell interconnect integral with the first region, extending beyond the light-

incident surface and directly coupling the metallic article to a neighboring photovoltaic cell, 

the cell-to-cell interconnect comprising: 

a link having i) a first link end coupled to an edge of the first region, ii) a 

second link end opposite the first link end and away from the edge of the first region 

and iii) a tapered neck along a length of the link, wherein the tapered neck is a 

breakage point when a force is applied to the cell-to-cell interconnect; 

a plurality of appendages, each appendage having i) a first end coupled to the 

edge of the first region, ii) a second end opposite the first end and away from the edge 

of the first region, and iii) an appendage length that is greater than the length of the 

link, wherein the appendages are spaced apart from each other; and 

wherein the metallic article is a unitary, free-standing piece. 

 

2. The metallic article of claim 1, wherein the link is linear and is perpendicular 

to the edge of the first region. 

 

 

3. The metallic article of claim 1, wherein the appendage is repeated at least 8 

times per centimeter, at least 10 per centimeter, or at least 12 per centimeter. 

 

4. The metallic article of claim 1, wherein each appendage of the plurality of 

appendages is hourglass shaped, S-shaped, U-shaped, W-shaped, V-shaped, serpentine 

shaped, saw-tooth shaped or L-shaped. 

 

5. The metallic article of claim 1, wherein the appendage length is a path length 

along the appendage, and the appendage length is from 1.4 to 3 times the length of the link. 

 

6. The metallic article of claim 1, wherein an angle between the tangent of the 

appendage and a horizontal edge of the first region is at least 12.   
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7. The metallic article of claim 1, further comprising: 

a metallic strip integral with the cell-to-cell interconnect and coupled to the second 

ends of the plurality of appendages, wherein the metallic strip is configured to be coupled to a 

back side of the neighboring photovoltaic cell. 

 

8. The metallic article of claim 1, wherein each appendage traverses a non-

perpendicular path between the edge of the first region and the metallic strip. 

 

9. The metallic article of claim 1, the cell-to-cell interconnect further comprising 

a crossbar extending across the plurality of appendages and connecting one appendage to a 

neighboring appendage. 

 

10. A method of forming an electrical component for a photovoltaic cell, the 

method comprising: 

electroforming a metallic article on an electrically conductive mandrel, wherein the 

electrically conductive mandrel has an outer surface comprising at least one preformed 

pattern, wherein the metallic article comprises a first region having a plurality of 

electroformed elements and a cell-to-cell interconnect integral with the first region; and 

separating the metallic article from the electrically conductive mandrel, wherein the 

plurality of electroformed elements is interconnected such that the metallic article forms a 

unitary, free-standing piece when separated from the electrically conductive mandrel;  

wherein the plurality of electroformed elements is configured to serve as an electrical 

conduit for a light-incident surface of the photovoltaic cell;  

wherein the cell-to-cell interconnect extends beyond the light-incident surface and 

directly couples the metallic article to a neighboring photovoltaic cell and comprises: 

a link having i) a first link end coupled to an edge of the first region, ii) a 

second link end opposite the first link end and away from the edge of the first region 

and iii) a tapered neck along a length of the link, wherein the tapered neck is a 

breakage point when a force is applied to the cell-to-cell interconnect; 

a plurality of appendages, each appendage having i) a first end coupled to the 

edge of the first region, ii) a second end opposite the first end and away from the edge 

of the first region, and iii) an appendage length that is greater than the length of the 

link, wherein the appendages are spaced apart from each other. 
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11. The method of claim 10, wherein the link is linear and is perpendicular to the 

edge of the first region. 

 

12. The method of claim 10, wherein the appendage is repeated at least 8 times 

per centimeter, at least 10 per centimeter, or at least 12 per centimeter. 

 

13. The method of claim 10, wherein each appendage of the plurality of 

appendages is hourglass shaped, S-shaped, U-shaped, W-shaped, V-shaped, serpentine 

shaped, saw-tooth shaped or L-shaped. 

 

14. The method of claim 10, wherein an angle between the tangent of the 

appendage and a horizontal edge of the first region is at least 12.   

 

15. The method of claim 10, further comprising: 

a metallic strip integral with the cell-to-cell interconnect and coupled to the second 

ends of the plurality of appendages, wherein the metallic strip is configured to be coupled to a 

back side of the neighboring photovoltaic cell. 

 

16. The method of claim 10, the cell-to-cell interconnect further comprising a 

crossbar extending across the plurality of appendages and connecting one appendage to a 

neighboring appendage. 

 


