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AUTOMATED FLEXIBLE SOLAR CELL FABRICATION AND
INTERCONNECTION UTILIZING ROLLS OF EXPANDED METALLIC MESH

CROSS-REFERENCE
[0001] This application claims priority to U.S. Provisional Patent Application No.
61/568,134, filed December 7, 201 1, which is entirely incorporated herein by reference.

BACKGROUND
[0002] Amorphous silicon, copper indium gallium diselenide (CIGS), and cadmium telluride
(CdTe) arethe only thin film solar cells that are being produced in commercia scale today. Thin
film solar cells on flexible substrates that are currently available include amorphous silicon on a
thin metal foil (usually stainless steel) and CIGS on metallic or polyimide foils. To date, thin
film cadmium telluride solar cells are produced only on glass, but work is being done on a
flexible substrate. Other types of solar cell materials suitable for use on flexible substrates may
become available. For example work isbeing carried out on avariant of CIGS that utilizes zinc
andtin instead of indium and gallium, aswell as continuing research on organic and dye

sensitized solar cell materials.

SUMMARY
[0003] This disclosure provides an automated method for fabricating solar cells fromrolls of
flexible thin film solar cell material, and electrically interconnecting the cellsto form strings
which can be used to form solar modules.
[0004] This disclosure provides ahighly automated method for the fabrication of individua
thin film solar cells from large rolls of flexible solar cell material. This disclosure aso
provides a current collection grid pattern and interconnects through the use of an inexpensive
flat expanded metallic mesh.
[0005] An aspect of the disclosure provides amethod for forming aphotovoltaic module,
comprising providing afirst photovoltaic cell and a second photovoltaic cell. An individual
photovoltaic cell of the first and second photovoltaic cells comprises an expanded metallic
mesh that is disposed adjacent to a flexible thin film photoactive device, and an electrically
insulating material disposed between the expanded metallic mesh and the flexible thin film
photovoltaic device at an edge portion of the flexible thin film photoactive device. Next, an
expanded metallic mesh of the first photovoltaic cell isbrought in contact with an underside
of the second photovoltaic cell, thereby electrically connecting the thin film photoactive

devices of the photovoltaic cellsto form the photovoltaic module.
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[0006] Another aspect of the disclosure provides a method for forming photovoltaic cells,
comprising providing afirst roll of aphotovoltaic material and a second roll of an expanded
metallic mesh. The photovoltaic material comprises a photoactive material adjacent to a
flexible substrate, and wherein the expanded metallic mesh comprises aplurality of openings.
Next, an electricaly insulating material is provided adjacent to an edge portion of the
photovoltaic material. The photovoltaic material from the first roll isbrought in proximity to
the expanded metallic mesh from the second roll to form anascent photovoltaic cell. The
electricaly insulating material is disposed between the expanded metallic mesh and the
photovoltaic material. Next, the nascent photovoltaic cell is cut into individua sectionsto
form aplurality of photovoltaic cells.

[0007] Another aspect of the disclosure provides aphotovoltaic cell, comprising a
photovoltaic device comprising a flexible substrate adjacent to a photoactive material, and an
expanded metallic mesh adjacent to the photovoltaic device. The expanded metallic mesh
comprises aplurality of holes for permitting electromagnetic radiation to come in contact
with the photoactive material. The photovoltaic cell further comprises an electrically
insulating material disposed between the expanded metallic mesh and the photovoltaic device
a an edge portion of the photovoltaic device.

[0008] Additional aspects and advantages of the present disclosure will become readily
apparent to those skilled in this art from the following detailed description, wherein only
illustrative embodiments of the present disclosure are shown and described. Aswill be
realized, the present disclosure is capable of other and different embodiments, and its severa
details are capable of modifications in various obvious respects, all without departing from
the disclosure. Accordingly, the drawings and description are to beregarded asillustrative in

nature, and not asrestrictive.

INCORPORATION BY REFERENCE
[0009] All publications, patents, and patent applications mentioned in this specification are
herein incorporated by reference to the same extent asif each individual publication, patent,
or patent application was specifically and individually indicated to be incorporated by

reference.

BRIEF DESCRIPTION OF THE DRAWINGS
[0010] The novel features of the claimed invention are set forth with particularity in the
appended claims. A better understanding of the features and advantages of the present
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invention will be obtained by reference to the following detailed description that sets forth
illustrative embodiments, in which the principles of the invention are utilized, and the
accompanying drawings or figures (also "FIG." or "FIGSs." herein) of which:

[0011] FIG. lisaschematic diagram illustrating the properties of a flat expanded metallic
mesh suitable for making a current collecting grid and interconnect means for flexible thin
film solar cells.

[0012] FIG. 2aisaschematic diagram showing aplanar view of the geometry of a finished
thin film solar cell using a section of the flat expanded metallic mesh described in FIG. 1.
[0013] FIG. 2b isacross-sectional schematic diagram in exaggerated thickness scale
showing the geometry of a finished thin film solar cell using a section of the flat expanded
metallic mesh described in FIG. 1.

[0014] FIG. 3isaschematic diagram depicting a perspective view of the initial step of
creating reels of flexible solar cell material by automatically dlitting them from amuch larger
roll of finished solar cell stock.

[0015] FIG. 4 isaperspective schematic diagram illustrating the fundamental stepsin a
process or method for automatically converting reels of flexible solar cell materia into
finished cells using a flat expanded metallic mesh conductor.

[0016] FIG. 5isaschematic view of a segment of the strip of solar cells after the lamination
step described in FIG. 4 showing how the expanded metallic mesh is applied to the cell with
blank areas created for cutting the strip into individual solar cells.

[0017] FIG. 6isaschematic diagram, drawn approximately to scale, showing a cross
sectional view of amachine utilizing the fundamental methods described in FIG. 4 for
forming single solar cells from reels of flexible solar cell material and rolls of expanded
metallic mesh.

[0018] FIG. 7ais aschematic planar view showing the seria interconnection of the flexible
solar cells made by the automated methods described in the present invention.

[0019] FIG. 7b shows a cross-sectiona view of the serial interconnection of the flexible
solar cells made by the automated methods described in the present invention.

[0020] FIG. 8aisaschematic cross-sectional view of 2 silicon cells at the end of a string
illustrating the typical Z-tab method of connecting the cells together serially and the way the
end cell is connected to the conducting ribbon used to interconnect strings of cells.

[0021] FIG. 8b isaschematic cross-sectional view of flexible cells at the end of a string
illustrating the improved method of connecting serially the end of one string to the end of a

second string.
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DETAILED DESCRIPTION
[0022] While preferable embodiments of the invention have been shown and described
herein, it will be obvious to those skilled in the art that such embodiments are provided by
way of example only. Numerous variations, changes, and substitutions will now occur to
those skilled in the art without departing from the invention. It should be understood that
various alternatives to the embodiments of the invention described herein can be employed in
practicing the invention.
[0023] The terms "photovoltaic cell" (also "solar cell" herein), asused herein, generally
refers to a device comprising aphotovoltaic device comprising a photoactive materia (or
absorber) that is configured to generate electrons and holes (or electricity) upon exposure of
the device to electromagnetic radiation (or energy), or a given wavelength or distribution of
wavelengths of electromagnetic radiation. A photovoltaic device can include a substrate
adjacent to the photoactive material.
[0024] The term "photovoltaic module,” as used herein, generaly refers to a device
comprising one or more photovoltaic cells.
[0025] To beuseful in asolar power system, any of the various types of solar cells (also "cells"
herein") may be electrically interconnected serially with other similar solar cellsto raise the
voltage levels and minimize resistive losses that would otherwise occur dueto high currents.
Cells deposited on largerigid sheets of may use a system of scribes applied between different
process steps and at specific locations to create a serial interconnection of the cells over the
entire sheet. This procedure is sometimes referred to as "monolithic integration,” and it utilizes
the top conductive oxide (TCO) asthe current carrier instead of ametallic grid common to
silicon cells. Even though it eliminates the grid, recognized herein are anumber of
disadvantages with the method, and in any case, it is difficult and expensive to implement on
flexible substrates because of the accuracy required for both the placement and the depth of the
scribes. Additionally, flexible substrates enableroll to roll processing which could become less
desirable economically if the process had to be interrupted to implement the scribing operations,
even if those operations could be adequately and economically accomplished.
[0026] Conventional crystalline or polycrystalline silicon solar cells are formed on individual
wafers, which then may beinterconnected. Current collecting grids and buss bars are typically
formed by screen printing apattern with silver bearing inksthat are subsequently cured a high
temperatures (on the order of 700°C). Silicon cells have an antirefiection coating formed of
silicon nitride which is transparent but non-conducting. During the curing stage, the silver

penetrates the silicon nitride coating and makes an ohmic contact to the silicon cell. The usua
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grid pattern includes a series of fine straight and parallel lines spaced two to three millimeters
apart with two or three wider lines (buss bars) running perpendicular to the pattern of fine lines.
The resulting structure provides a surface on the buss bars to which interconnecting "Z" tabs can
be attached by conventional soldering methods. Upon exposure of the cell to light, cell current
is collected locally by the narrow grids and transmitted to the relatively wider buss bars which
then become the connection points to the next cell. The "Z" tab structure provides aflexible
interconnection between cells which helps reduce damage due to thermal expansion and
contraction during use. An advantage of this method over monolithic integration isthat the cells
can betested and sorted for performance prior to module assembly. In this way, the overall
module performance is not limited by the lowest performing cell in the string, which can bea
problem for monolithic integration.

[0027] The screen printing process used for silicon cells, however, has met with only limited
success when applied to thin film flexible solar cells. Two problems are generally encountered
which limit the performance of the cell, asrecognized herein. The first problem hasto do with
temperature. Thin film cells cannot survive the same high temperatures needed to curethe silver
inksused on silicon cells. Asaresult of lower curing temperatures, some of the ink carriers and
solvents remain in the grid line structure causing the metallic particles not to bewell fused
together. Even though newer inks are being developed which can be cured more completely a
lower temperatures, this mechanism still lowersthe conductivity of the grid lines and buss bars,
and limitsthe ability to solder connecting ribbons to the printed buss bars. Alternatively, the
interconnection between cells may be made with silver doped conductive epoxies, but it is
generally inferior to soldering and it typically incurs additional curing time. In addition, the
recent increase in the price of silver has made the process economically less desirable.

[0028] Secondly, since the surface finish of metallic flexible substrates is normally much
rougher than that of glass or silicon wafers, many more defects exist which can become potential
shunt sites if conductive inks are allowed to flow into them. This problem can be somewhat
mitigated by first printing amuch less conductive material, like a carbon based ink, to initialy
fill any defects, and then over printing with the silver inks. Consistently good results are
difficult to achieve, since anything short of perfect printing registration causes extra shading loss
aswell asincreased potential shunting. In addition, the cost of the materials and equipment is
relatively high and automation is difficult due to the large scale printing and curing processes as

well asthe high mechanical tolerance requirements.
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Photovoltaic modules

[0029] This disclosure providesrolls of flexible thin film solar (or photovoltaic) cellsthat can be
used in a substantially automated process to create individual cellsthat are then interconnected
to formmodules. Printing using silver based inks, potential shunting, precision print pattern
registration, and long hot curing times can be avoided by the use of aflat expanded metallic
mesh that has superior conductivity to silver printed ink patterns, is faster to apply, and is much
more economical to implement.

[0030] In some embodiments, a photovoltaic cell comprises a photovoltaic device comprising
aflexible substrate adjacent to a photoactive material, and expanded metallic mesh adjacent
to the photovoltaic device. The photovoltaic device can be a flexible thin film photovoltaic
device. The expanded metallic mesh comprises aplurality of holes (or openings) for
permitting electromagnetic radiation to come in contact with the photoactive material. The
photovoltaic cell can further comprise an electrically insulating material disposed between
the expanded metallic mesh and the photovoltaic device a an edge portion of the
photovoltaic device. The electrically insulating material can be optically transparent.

[0031] An opening of the expanded metallic mesh can have any shape, size, or configuration.
An opening can have acircular, triangular, square, rectangular, pentagonal, hexagonal,
heptagonal, octagonal, or nonagonal, or any partial shape (e.g., semi-circular) or combination
thereof.

[0032] The photoactive material can be an absorbed that is configured to generate electrons
and holes upon exposure to electromagnetic radiation (or light). The metallic mesh can be
adapted to collect and conduct electrons out of the photovoltaic device and to aload, such as,
for example, an energy storage system (e.g., battery), an electrical grid, or an electronic
device or system.

[0033] The photoactive material can be formed of various materials. Examples of photoactive
materials include, without limitation, amorphous silicon, copper indium gallium diselenide
(CIGS), cadmium telluride (CdTe) and CdZnTe/CdTe.

[0034] In some cases, the photovoltaic cell further comprises an optically transparent film
that secures the metallic mesh to the photovoltaic device. The optically transparent film can
be apressure sensitive adhesive. As an aternative, the expanded metallic mesh can be
secured to the photovoltaic device by a conductive epoxy. As another aternative, the
expanded metallic mesh can be attached to the photovoltaic device by alow melting point

solder.
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[0035] The expanded metallic mesh can have various shapes, sizes and configurations. A
width of the expanded metallic mesh can be from about 1inch to 10 inches, or 1.5 inchesto
6.0 inches. A thickness of the expanded metallic mesh can be from about 0.001 inches to
0.05 inches, or 0.002 inches to 0.01 inches. In some cases, the expanded metallic mesh
comprises individual wire-like elements, each having awidth from about 0.001 inchesto 0.01
inches, or 0.002 inches to 0.006 inches.

[0036] The expanded metallic mesh can be formed of a metallic material, such as copper,
iron, tin, nickel, gold, silver, platinum, palladium, chromium, tungsten, titanium, tantalum, or
any combination thereof. In some cases, the expanded metallic mesh is formed of a
polymeric material that is coated with ametallic material. For example, the expanded
metallic mesh can include apolymeric core and ametallic shell. In some cases, the expanded
metallic mesh can include one or more coatings. The one or more coatings can comprise
nickel and/or tin.

[0037] The flexible substrate can include stainless steel, aluminum, or apolymeric material.
The photovoltaic device can have athickness from about 1inchto 10 inches, or 1.5 inches to
6.0 inches.

[0038] In some cases, aphotovoltaic module comprises aplurality of photovoltaic cells. The
plurality of photovoltaic cells can bein electrical contact with one another in series (i.e.,
serial configuration). In some examples, ametallic mesh of one photovoltaic cell isin
electrical contact with an underside of an adjacent photovoltaic cell. Photovoltaic cells can
be disposed adjacent to one another in a"string" of photovoltaic cells.

[0039] Reference will not be madeto the figures, wherein like numerals refer to like parts
throughout. It will be appreciated that the figures and structures therein are not necessarily
drawn to scale.

[0040] FIG. 1illustrates the geometry of a section of a flat expanded metallic mesh 1. The
metallic mesh 1 can be mounted on photovoltaic device to form asolar cell. The mesh 1has
width Wm and has a substantially long length in the direction of arrow 2. The mesh can be
formed of aroll of metalic foil that is slightly wider than the width of the finished mesh. The
foil is dit, expanded, and flattened to produce aroll of mesh from the input roll of foil.
Expanded view 3 illustrates the details of the mesh geometry. In general an opening in the
mesh has awidth Wo, alength Lo, and a side height Ho. Ho can be on the order of 1/3 to 1/2
of Lo, so the opening resembles an elongated hexagon, but Ho can be zero. Inthat casethe
mesh opening takes the form of a diamond (dashed lines) with sides of length d. If the

expansion of the metal is continued until Wo is equal to Lo, then the openings can be more
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symmetrical, and if Ho also approaches zero the diamonds can be squares. Practical
dimensions for the mesh openings are fractions of a centimeter. For example Lo may be on
the order 9 millimeters while Wo is 4 millimeters to 5 millimeters.

[0041] An opening of the mesh can have any shape, size, or configuration. An opening can
have a circular, triangular, square, rectangular, pentagonal, hexagonal, heptagonal, octagonal,
or nonagonal, or any partial shape (e.g., semi-circular) or combination thereof.

[0042] The mesh 1 can be formed of ametallic material, such as copper, iron, tin, nicke,
gold, silver, platinum, palladium, chromium, tungsten, titanium, tantalum, or any
combination thereof. In some examples, the mesh 1 can be formed of a polymeric material
and coated with ametallic material.

[0043] While any of the possible shapes for the mesh opening can be useful for forming the
current collecting grid on a solar (or photovoltaic) cell, there are some optimizations that can
be made. The width of the rectangular cross sectiona "wires' that make up the mesh can be
controlled by the distance between the dlits and the amount of expansion that can be
employed. Inview 3 of FIG. 1the width W1 is can be determined by the distance between
the dlits, and the width W2 can be determined by the amount of expansion. W2 can be less
than W1 if before expansion all of the distances between the dlits are the same. A typica
dimension for W1 is of the order of afew thousandths of an inch. For the asymmetrical
pattern shown in FIG. 1the resistance across the width of the mesh can be lower than that for
an equal distance down the length of the mesh. Therefore, for a given obstruction of sunlight
by the mesh (4% or 5%, for example), the mesh geometry can be optimized for low resistance
across the cell and enable automated assembly from rolls of material. The mesh can be
coated with other materials either before or after the expansion. For example the mesh can be
formed of copper and plated with tin for improved environmental performance, and it can
receive athin layer of low melting solder on one or both sides for a subsequent bonding
operation. Many embodiments are possible.

[0044] FIGs. 2a and 2b show afinished photovoltaic cell. A method of producing an
individual cell from rolls of materials can be described by way of an example of a machine
that performs the described functions. The serial interconnection of the cells into strings and
the strings into modules is provided herein.

[0045] A planar view of an individual photovoltaic cell is shown in FIG. 2a. The active
photovoltaic (or solar) device 4 (aso "device" herein) haswidth Wc and length Lc. Itisa
section cut from areel of flexible photovoltaic material that has width Wc and some

arbitrarily longer length. A section of mesh 1with width Wm as shown in FIG. 1 can be
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applied over device 4. The mesh 1 extends over only aone edge of the device 4, but not
both. On aleft side of the device 4 the mesh 1is short (from an edge of the device 4) by an
amount "€" that has dimensions from about 1to 3 millimeters (i.e., afraction of the mesh
opening), for example. The mesh overlaps one long side of the device 4 by an amount "s"
which can be a few multiples Lo, such as, for example, a least 1.1, 1.2, 1.3, 1.4, 15, 2, 3, 4,
5,6, 7,8,9,o0r 10 multiples of Lo. The mesh can cause electrical shorts or shunts at the edge
of the device 4 aong the overlapped region. This isprevented by the prior application of a
thin strip 5 of insulating transparent pressure sensitive adhesive (PSA) of width
approximately 2e, about half of which can be adhered to the edge of the device 4 as shown.
The mesh 1 can be attached to the device 4 by way of a securing member, such as PSA or a
temperature sensitive transparent tape whose size can be about the same asthat of the mesh
minus the overhang region s. The mesh 1 can include individual wire-like elements, each
having awidth from about 0.001 inches to 0.01 inches, or 0.002 inches to 0.006 inches.
[0046] FIG. 2b is aschematic diagram of the cross section of the photovoltaic cell of FIG.
2a. The photovoltaic device 4 includes at least three parts: the photoactive cell (or material)
43, the electrically conductive flexible substrate 4b, and, in some cases, areverse side coating
4c. |If photoactive cell 4aisaCIGS cell, it can be as described in U.S. Patent No. 5,626,688
to Probst e al, U.S. Patent No. 6,040,521 to Kushiya et a, and U.S. Patent No. 8,021,905 to
Nath et al, each of which isentirely incorporated herein by reference. The tota thickness of
the photoactive cell 4a can be on the order of a few nanometers to micrometers. Substrate 4b
can be formed of stainless steel or other metallic foil. Substrate 4b can be electrically
conductive and serve as an extension of the back electrode of photoactive cell 4ato function
properly in the automated processes described herein. In some examples, the thickness of the
flexible substrate 4b can range from approximately one thousandth of an inch (about 25
micrometers) to afew thousandths of an inch. Reverse side coating 4c is athin metal coating
(about amicrometer or less) used to provide galvanic compatibility with the mesh
interconnection between adjacent cells. Asan example, the mesh could be made from copper
and plated with athin coating of tin. In such a case coating 4c also could betin, athough the
structure could function for an extended period of time without coating 4c under optimal
environmental packaging conditions, such as, for example, if the cell is packaged under
vacuum or in an inert (e.g., Ar, He) environment. The flexible photovoltaic device 4 has a
thickness tc that is dependent on the thickness of each of the call 4a, substrate 4b and coating.
In some examples, the substrate 4b can have athickness from about 0.001 inches to 0.01
inches, or 0.002 inches to 0.005 inches.
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[0047] The transparent insulating strip 5 applied along the edge of one long side of the device
4 can prevent the overhanging area s of the mesh 1 from causing shunts along the edge of the
device 4. The thickness tm of the mesh 1 can be varied to obtain adequately low electrical
resistance while minimizing shading loss; however, in some cases, tm is from about tc up to
about 2 x tc. The mesh 1 can be held against the device 4 by transparent tape 6 (e.g., PSA)
whose width is approximately equal to Wc, and whose thickness ta can be on the order of a
few thousandths of an inch. In FIG. 2b, on the edge where the mesh 1 does not overhang the
device 4, tape 6 is shown overhanging the edge of the mesh 1by a distance e; however, thisis
not acritical dimension. The tape can cover the mesh 1 on this side, but not extend past the
edge of the device 4 on either side, so there is arelatively wide tolerance.

Systems and methods for forming photovoltaic cells and modules

[0048] This disclosure provides methods for forming photovoltaic cells and modules. The
methods can be a least partially or fully automated. In some cases, aphotovoltaic cell is
formed by bringing materials together in aroller-implemented process.

[0049] In some embodiments, amethod for forming a photovoltaic cell comprises providing
afirst roll of aphotovoltaic material and a second roll of an expanded metallic mesh. The
photovoltaic material comprises a photoactive material adjacent to aflexible substrate, and
the expanded metallic mesh comprises aplurality of openings. Next, an electrically
insulating material is provided adjacent to an edge portion of the photovoltaic material. The
photovoltaic material from the first roll isthen brought in proximity to the expanded metallic
mesh from the second roll to form anascent photovoltaic cell. The electrically insulating
material can be disposed between the expanded metallic mesh and the photovoltaic material.
Next, the nascent photovoltaic cell is cut into individual sections to form aplurality of
photovoltaic cells.

[0050] A method for forming aphotovoltaic cell can be fully automated, and in some cases
regulated by a computer system having one or more computer processors that are
programmed to implement the method. The automated operations used in the method to
make the individual photovoltaic cells can begin with the formation of reels of photovoltaic
(cell) material from much larger rolls of flexible photovoltaic cell material. The photovoltaic
material comprises photoactive materia (e.g., CIGS, CdTe), and in some cases a substrate,
such as a flexible substrate. This process is schematically illustrated in FIG. 3 which shows
that alargeroll of photovoltaic cell material 7 isbeing dlit into smaller reels 8. The largeroll
can include any solar cell material, such as CIGS. The photovoltaic cell material 7 can be the

photovoltaic cell 4 described elsewhere herein. The dlitting is accomplished by a set of rotary
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cutting members 9 (e.g., knives, blades) that can be adjusted to produce reel 8 of various
widths Wc. In some cases, the weight of each reel 8 can be limited to what an average
worker can conveniently handle by hand, such as, for example, on the order of 40 pounds to
50 pounds. Several reels 8 can be produced a each position from the much larger roll 7. The
dlitting operation can be substantially fast compared to the process of producing the initial
largerall, so one ditting machine can handle the capacity of several manufacturing lines
making the cell material. Large numbers of reels maybe stored for relatively long periods of
time, and they can be shipped to alternative finishing sites for conversion into individual
photovoltaic cells and subsequent modules.

[0051] FIG. 4 isaperspective schematic side view of a system for the automated steps used
to convert ared of flexible solar cell material into individual photovoltaic cells. These steps
may bereferred to as aroll-to-cell or RTC conversion. The diagram is not to scale and is
meant only to illustrate the basic concepts, rather than to describe an actual embodiment of
those concepts in a functional RTC machine.

[0052] A red (or roll) 8 of aphotovoltaic device 4 that can come from the dlitting operation
of FIG. 3 (or any other operation for preparing the reel 8) is brought in contact with other
material for forming asolar cell. A roll 10 of transparent edge insulating strip 5 is
continuously fed to asmall set of rollers 11 (e.g., nip rollers) to apply the strip to one edge of
the device 4. Therollers can apply pressure for aPSA material and/or they can be heated for
athermal set material. Pressure and/or heating can aid the insulating strip 5to come in
contact with (and in some cases adhere to) the device 4 material from the reel 8. Expanded
metallic mesh 1 can be fed fromroll 12 and transparent tape 6 can be fed fromroll 13 into
rollers 14. This operation can affix the mesh 1to the tape 6, in some cases only securely
enough for it to be handled as aunit of joined material 15. Thejoined tape and mesh 15
proceed toward vacuum drum 16 which can berotating a an edge speed that is synchronous
with the device 4 (along the reel 8) and in the direction of arrow 17. Therollers 14 can
advance the tape/mesh joined material 15 a adightly lower speed, so that initialy the joined
material 15 is slightly on vacuum drum 16.

[0053] Next, thejoined material 15 is brought adjacent to a cutting member 18, which can be
arotary cutting member (e.g., rotary knife, rotary blade). The cutting member 18 can cut the
joined material 15 along a selected length. The length can be a function of the size of the
cutting member 18. In cases in which the cutting member 18 is arotary cutting member, the

cutting member cuts thejoined material 15 a 2*n*r intervals, where "r" isthe radius of the
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rotary cutting member. Cut pieces of joined material 15 sequentially proceed around drum
16 at a speed that is in-line with the rotational speed of the drum 16. The speed can be
suitable for initial affixing to the cut joined material 15 to the device 4 material and insulating
strip 5. A pressure roller 19 downstream of the drum 16 can aid in bringing the cut joined
material 15 in contact with the device 4 material and insulating strip 5. Fina lamination of
the cut joined material 15 to the device 4 material and insulating strip 5 can be performed
with the aid of rollers 20. The small difference in speed between the rollers 14 and vacuum
drum 16 can create a small (adjustable) gap between each piece of cut joined material 15
when it is attached to the device 4 and insulating strip 5. The gap areas are indicated by
dashed lines 21, and aphotovoltaic cell length Lc isthe distance from the center of one gap to
the center of the next gap. A cutting member 22 downstream of the rollers 20 can cut the
finished strip of nascent photovoltaic cell into individual photovoltaic cells a the center of
each gap. The cutting member 22 can include avision or other indexing system that can
operate aguillotine knife, such as, for example, arobotic vision system. The photovoltaic
cells can then be accumulated in a cassette or bin 23. FIG. 5illustrates an enlarged view of a
section of the cell strip in the region of Lc in FIG. 4. Cutting the material in the center of the
gaps (e.g., having awidth of about 2€) can produce photovoltaic cells as described elsewhere
herein, such asthe photovoltaic cell described in the context of FIGs. 2a and 2b.

[0054] The mesh 1 can be coated with other materials. For instance the side that isjoined to
the top of the photovoltaic device 4 can have athin layer of low temperature melting solder,
which can be pre-applied to the mesh 1. One such candidate might be an indium/tin eutectic
that melts at about 118°C. Inthis case, rollers 20 of FIG. 4 canrun a an elevated
temperature to melt the solder asthe tape/mesh is laminated to the photovoltaic device 4. A
tape with appropriate temperature resistance would have to be used in this method.
Alternatively, athin layer of conductive epoxy could be applied by roller transfer to the mesh
between nip rollers 14 and vacuum drum 16 of FIG. 4 to provide amore rigid bond between
the mesh and the photovoltaic device 4 after lamination. Other possible alternatives would
occur to those skilled in the art.

[0055] FIG. 6isaschematic cross sectional side view of a system for forming individual
solar cells from rolls of cell material. 1n some cases, aroll of material may have properties
that can require an interleaf of a different material to prevent sticking or substance transfer.
In FIG. 6, rollers for accumulating possible interleaf material are provided for rolls 8, 12, and
13. They are dl labeled as 24. The interleaf material can aid in preventing one material from

sticking to another material. In order to control the tension in a strip, a so called "dancer” can
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be employed in the handling system. Danvers can be used in anumber of places. One such
location is identified asthe trio of small rollers 25 where the action of the dancer is suggested
by the double headed arrow. Other rollers can be used for handling, directing, and guiding a
strip through the system. Inthe illustrated example, a space is provided between input roll 8
and tape roll 10 for the addition of an apparatus to buff the dlit edge of the solar cell strip to
remove shunts if that may be aproblem caused by the dlitting operation. A roll of interleaf
material 26 can be used to provide separation between the cells in cassette 23, if required.
[0056] The system of FIG. 6 includes aplurality of processing modules, which may be
mounted adjacent one another to form aroller-implemented system. The processing modules
can be mounted to form a housing having the roller-implemented system. The housing can
be evacuated (e.g., with the aid of apumping system) or maintained under an inert
atmosphere, such asunder an atmosphere of Ar or He. Inthe illustrated example, the
processing modules each have awidth of about 1meter.

[0057] Before individual photovoltaic cells are built into strings and mounted to form a solar
cell module, they can betested for performance and graded into bins of similar current (or
power) output. Standard commercially available robotics can be used for manipulating cells
in such operations.

[0058] In some embodiments, amethod for forming a photovoltaic module comprises
providing afirst photovoltaic cell and a second photovoltaic cell. An individual photovoltaic
cell of the first and second photovoltaic cells comprises (i) an expanded metallic mesh that is
disposed adjacent to aflexible thin film photovoltaic device, and (ii) an eectricaly insulating
material disposed between the expanded metallic mesh and the thin film photovoltaic device
a an edge portion of the flexible thin film photovoltaic device. Next, an expanded metalic
mesh of the first photovoltaic cell is brought in contact with an underside of the second
photovoltaic cell, thereby electrically connecting the thin film photovoltaic devices of the
photovoltaic devices to form the photovoltaic module.

[0059] Individual photovoltaic cells formed according to methods described el sewhere herein
can be mounted in a side-by-side configuration and interconnected to form a photovoltaic
(solar) cell module. FIG. 7ais aschematic planar view from the light (e.g., sun) facing side
of aportion of along interconnected string of flexible photovoltaic cells 50. Each
photovoltaic cell can include amesh 1, photovoltaic device 4, and insulating strip 5. The
photovoltaic cells 50 can be created using systems and methods described elsewhere herein.
Individual photovoltaic cells 5- are separated by agap (g). The gap can be on the order of a

millimeter or less depending on the accuracy that can be achieved with the robotic system
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that picks the cells 50 from a carrier cassette and places them one beside the other. These
strings of flexible cells 50 can advantageously suffer less area loss between cells 50 than their
silicon counterparts because the Z-tab interconnect in that technology may requires more
distance to allowed for thermal expansion stresses encountered during use. The reduction in
module area loss according to cells of this disclosure can be at least about 1%, 2%, 3%, 4%,
5%, 10%, 20%, 30%, or 40%> compared to standard silicon cell technology. In an example,
the reduction in module area loss according to cells of this disclosure can be as much as about
10%. Thisisasignificant economic advantage.

[0060] FIG. 7b isaschematic cross-sectional side view of the portion of interconnected cells
50 of FIG. 7a. Two dlightly different examples of cell interconnection are shown in FIG. 7b.
[0061] In an example, a second cell isplaced on an overhang region sof mesh 1of afirst cell
with a gap g between the cells. A relatively wide strip of a coupling member (e.g., PSA) 27
holds the two cells together and in registration with an electrical connection between the
mesh of the first cell and aback portion (e.g., portion facing away from light) of the second
cell. Theinsulating strip 5 prevents the edge of the first cell from coming in contact with
(and, e.g., being shunted by) the bent over mesh. In some cases, the insulating strip 5
prevents the mesh 1 from shorting atop (light receiving) portion of a cell 4 with abottom
portion of the cell, such aswhen adjacent cells 4 are brought laterally towards one another to
form aphotovoltaic module. Strings of cells of a given length can be made in such fashion,
and because of their connection, they can be handled as aunit. Next the strings are placed
together, interconnected with conductive ribbon leads, fitted with appropriate thin-film
diodes, and laminated into a finished module.

[0062] In another example, edge insulating strip 5 can be replaced by awider strip 5a as
shown in the figure. The strip 5 in such configuration can be precluded. Thiswider tape 5a
can be accommodated on roll 10 of the reel to cell description in FIGs. 4 and 6 and it can
require an interleaf material. This tape can have adhesive substantially covering the side
facing the mesh 1, but can require adhesive on the opposite side only in the region (width of
approximately e) where it can be attached to cell 50. Assuch, the coupling member 27 can
be eliminated with savings in material and cost. However, in the cell formation process,
interleaf material fromroll 26 in FIG. 6 can berequired to prevent the cells 50 from sticking
together asthey are stacked in cassette 23. The strings of cells are assembled into modules as
previously described.

[0063] A photovoltaic module can include several strings of individual photovoltaic cells, at

least some of which are connected in aseria configuration. Inthe case of relatively large
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cells, such as silicon, the strings are connected serially to raise the overall voltage of the
photovoltaic module—that is, the voltage of the photovoltaic module is approximately equal
to the sum of the voltages of individual cells of the photovoltaic module that are in a serial
configuration. In situations in which strings of photovoltaic cells are employed, with a single
string comprising aplurality of serialy connected photovoltaic cells, the top conductor of a
first cell a the end of one solar cell string can be connected to the back conductor of a second
cell a the end of a second photovoltaic string. The use of an expanded mesh can allow a
particularly advantageous method of making this string to string connection.

[0064] In some cases, in order to connect two strings of cells in series, the back of one cell at
the end of one string can be connected to the top mesh conductor of a cell a the end of the
other string. In modules using silicon cells, this can be accomplished with Z-tab material that
extends from the back of a cell, or from the buss bars on a cell, to an external conducting
ribbon that is on the order of 1/4 inchwide. FIG. 8ais aschematic cross-sectional
illustration in exaggerated scale of atypical silicon connection. The buss bar 28 of silicon-
based photovoltaic cell 29 is connected to the back of an adjacent silicon-based photovoltaic
cell by Z-tab 30. At the last cell, Z-tab like material 31 connects the buss bar 28to a
conducting ribbon 32, or it connects the back of the cell to the ribbon, as shown as the bottom
dashed connector 31a, depending upon which is needed for serial connection of the strings.
The region of the module occupied by this structure can have awidth of about half inches or
more, asindicated. It can extend across both the top and bottom edges of the module, in
some cases reducing the effective photovoltaic area that may be exposed to light, thus
significantly reducing the module aperture efficiency.

[0065] In contrast, mesh interconnections of the disclosure can permit arelatively simple and
efficient way of forming photovoltaic string interconnects that do not significantly sacrifice
aperture efficiency. FIG. 8b shows an expanded cross-sectional side view of interconnected
flexible photovoltaic cells. The photovoltaic cells that are not at the end of the string of cells
can be interconnected in the manner described in FIG. 7. In order to make a connection from
the overhanging mesh 1 of one cell 4 to the back of acell a the end of the next string, a
sufficiently wide coupling member (e.g., insulating PSA strip) 33 can be applied along the
edge of the cell 4. Next, the overhanging region of the mesh 1 and apart of insulating strip 5
can be folded around the edge of the cell 4 and over the back side. The mesh 1 can be
prevented from shorting with the metal foil substrate of the cell 1 by coupling member 33.
The conducting ribbon 32 can then be connected only to the mesh at the end of the string,

thereby avoiding any shorting. The ribbon can serially connect to the end of the next string
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along the edge of the cell that does not have the overhanging mesh. In some examples, mesh
1and insulating strip 5 are only a few thousandths of an inch thick. In such a case, there can
be practically no aperture loss along the edges of the module where the string
interconnections are made, because they are hidden behind the cells. This approach can result
in asignificant gain in aperture efficiency of the thin film solar cell module compared to a
silicon-based cell module (see, e.g., FIG. 8a).

[0066] Photovoltaic modules of the disclosure can be electrically coupled to one another in
series, in parallel, or both. In some examples, photovoltaic modules are connected in series.
For example, apositive terminal of one photovoltaic module can be connected to anegative
terminal of another photovoltaic module. In other examples, photovoltaic modules are
connected in parallel. For example, apositive terminal of one photovoltaic module can be
connected to apositive terminal of another photovoltaic module, or anegative terminal of
one photovoltaic module can be connected to anegative terminal of another photovoltaic
module.

[0067] Systems and methods provided herein may be combined with or modified by other
systems and methods, such as, for example, systems and methods provided in U.S. Patent
Publication No. 201 1/0300661 ("SOLAR CELL INTERCONNECTION METHOD USING
A FLAT METALLIC MESH"), which is entirely incorporated herein by reference.

[0068] It should be understood from the foregoing that, while particular implementations
have been illustrated and described, various modifications can be made thereto and are
contemplated herein. It isaso not intended that the invention be limited by the specific
examples provided within the specification. While the invention has been described with
reference to the aforementioned specification, the descriptions and illustrations of the
preferable embodiments herein are not meant to be construed in a limiting sense.
Furthermore, it shall be understood that all aspects of the invention are not limited to the
specific depictions, configurations or relative proportions set forth herein which depend upon
avariety of conditions and variables. Various modifications in form and detail of the
embodiments of the invention will be apparent to aperson skilled in the art. It istherefore
contemplated that the invention shall also cover any such modifications, variations and
equivalents. It isintended that the following claims define the scope of the invention and that
methods and structures within the scope of these claims and their equivalents be covered
thereby.
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CLAIMS
WHAT IS CLAIMED IS:

1 A method for forming a photovoltaic module, comprising:
(a) providing afirst photovoltaic cell and a second photovoltaic cell, wherein an
individual photovoltaic cell of said first and second photovoltaic cells comprises:
i. an expanded metallic mesh that is disposed adjacent to aflexible thin film
photoactive device; and
ii. anelectrically insulating material disposed between said expanded metallic
mesh and said flexible thin film photovoltaic device a an edge portion of
said flexible thin film photoactive device; and
(b) bringing an expanded metallic mesh of said first photovoltaic cell in contact with
an underside of said second photovoltaic cell, thereby electrically connecting the
thin film photoactive devices of said photovoltaic cellsto form said photovoltaic
module.
2. The method of Claim 1, wherein said individual photovoltaic cell comprises an

optically transparent film that secures said metallic mesh to said flexible thin film photoactive

device.

3. The method of Claim 2, wherein said optically transparent filmis apressure sensitive
adhesive.

4. The method of Claim 1, wherein said expanded metallic mesh is secured to said

flexible thin film photovoltaic device by a conductive epoxy.

5. The method of Claim 1, wherein said expanded metallic mesh is attached to said
flexible thin film photovoltaic device with alow melting point solder.

6. The method of Claim 1, wherein said expanded metallic mesh comprises holes.

7. The method of Claim 1, wherein awidth of said expanded metallic mesh and said
flexible thin film photovoltaic device isbetween about 1.5 inches and 6.0 inches.

8. The method of claim 1, wherein athickness of said expanded metallic mesh is
between about 0.002 inches and 0.01 inches.

9. The method of Claim 1, wherein said expanded metallic mesh comprises individual
wire-like elements each having awidth between about 0.002 inches and 0.006 inches.

10. The method of Claim 1, wherein said expanded metallic mesh is formed of copper.
11.  The method of Claim 1, wherein said expanded metallic mesh includes one or more
coatings.

12. The method of Claim 11, wherein said one or more coatings comprise nickel.
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13. The method of Claim 11, wherein said one or more coatings comprise tin.

14. The method of Claim 1, wherein said flexible thin film photovoltaic device comprises
aphotoactive material adjacent to a flexible substrate.

15. The method of Claim 14, wherein said flexible substrate comprises stainless steel.

16. The method of Claim 1, wherein bringing said expanded metallic mesh of said first
photovoltaic cell in contact with an underside of said second photovoltaic cell comprises
wrapping said expanded metallic mesh around an edge portion of said first photovoltaic cell.
17. The method of Claim 1, wherein said expanded metallic mesh overlaps one edge of
said flexible thin film photovoltaic device but not an opposing edge of said flexible thin film
photovoltaic device.

18. A method for forming photovoltaic cells, comprising:

(& providing afirst roll of aphotovoltaic material and a second roll of an expanded
metallic mesh, wherein the photovoltaic material comprises a photoactive material
adjacent to aflexible substrate, and wherein said expanded metallic mesh
comprises aplurality of openings;

(b) providing an electrically insulating material adjacent to an edge portion of said
photovoltaic material;

(c) bringing said photovoltaic material from said first roll in proximity to said
expanded metallic mesh from said second roll to form anascent photovoltaic cell,
wherein said electrically insulating material is disposed between said expanded
metallic mesh and said photovoltaic material; and

(d) cutting the nascent photovoltaic cell into individual sectionsto form aplurality of
photovoltaic cells.

19. The method of Claim 18, wherein providing said electrically insulating material in (b)
comprises bringing said electrically insulating material from athird roll in proximity to said
photovoltaic material from said first roll.

20. The method of Claim 18, wherein (c) further comprises bring a securing member from
afourth roll in proximity to said expanded metallic mesh, wherein said securing member
secures the expanded metallic mesh against said photovoltaic material.

21. The method of Claim 18, further comprising integrating said plurality of photovoltaic
cells into aphotovoltaic module.

22. The method of Claim 18, wherein (c) further comprises directing said photovoltaic
material and said expanded metallic mesh into avacuum drum to press the photovoltaic

material against said expanded metallic mesh.
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23. The method of Claim 18, wherein (c) further comprises cutting said expanded
metallic mesh into individual sections prior to bringing said photovoltaic material in
proximity to said expanded metallic mesh.

24, A photovoltaic cell, comprising:

(a) aphotovoltaic device comprising a flexible substrate adjacent to a photoactive
material;

(b) an expanded metallic mesh adjacent to said photovoltaic device, wherein said
expanded metallic mesh comprises aplurality of holes for permitting
electromagnetic radiation to come in contact with said photoactive material; and

(c) an éectricaly insulating material disposed between said expanded metallic mesh
and said photovoltaic device a an edge portion of said photovoltaic device.

25. The photovoltaic cell of Claim 24, further comprising an optically transparent film
that secures said expanded metallic mesh to said photovoltaic device.

26. The photovoltaic cell of Claim 25, wherein said optically transparent filmisa
pressure sensitive adhesive.

27. The photovoltaic cell of Claim 24, wherein said expanded metallic mesh is secured to
said photovoltaic device by a conductive epoxy.

28. The photovoltaic cell of Claim 24, wherein said expanded metallic mesh is attached to
said photovoltaic device by alow melting point solder.

29. The photovoltaic cell of Claim 24, wherein awidth of said expanded metallic mesh is
between about 1.5 inches and 6.0 inches.

30. The photovoltaic cell of Claim 24, wherein athickness of said expanded metallic
mesh is between about 0.002 inches and 0.01 inches.

31.  Thephotovoltaic cell of Claim 24, wherein said expanded metallic mesh comprises
individual wire-like elements each having awidth between about 0.002 inches and 0.006
inches.

32. The photovoltaic cell of Claim 24, wherein said expanded metallic mesh comprises
copper.

33. The photovoltaic cell of Claim 24, wherein said expanded metallic mesh includes one
or more coatings.

34. The photovoltaic cell of Claim 33, wherein said one or more coatings comprise
nickel.

35. The photovoltaic cell of Claim 33, wherein said one or more coatings comprise tin.
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36. The photovoltaic cell of Claim 24, wherein said flexible substrate comprises stainless
stedl.
37. The photovoltaic cell of Claim 24, wherein said expanded metallic mesh overlaps one

edge of said photovoltaic device but not an opposing edge of said photovoltaic device.
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