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elficiency.
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SHINGLED SOLAR CELL MODULLE

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] Thisnon-provisional patent application 1s a continu-
ation of U.S. patent application Ser. No. 14/530,405 titled
“Shingled Solar Cell Module” and filed Oct. 31, 2014, and
also claims priority to U.S. Provisional Patent Application
No. 62/003,223 titled “Shingled Solar Cell Module™ filed
May 27, 2014, to U.S. Provisional Patent Application No.
62/036,215 titled “Shingled Solar Cell Module™ filed Aug.
12,2014, to U.S. Provisional Patent Application No. 62/042,
615 titled “Shingled Solar Cell Module” filed Aug. 27, 2014,
to U.S. Provisional Patent Application No. 62/048,838 titled
“Shingled Solar Cell Module” filed Sep. 11, 2014, to U.S.
Provisional Patent Application No. 62/064,260 titled
“Shingled Solar Cell Module™ filed Oct. 15, 2014, to U.S.
Provisional Patent Application No. 62/064,834 titled
“Shingled Solar Cell Module™ filed Oct. 16,2014, and to U.S.
Design patent application Ser. No. 29/506,415 filed Oct. 15,
2014. Each of the patent applications in the preceding list 1s
incorporated herein by reference 1n 1ts entirety for all pur-
poses.

FIELD OF THE INVENTION

[0002] Thenventionrelates generally to solar cell modules
in which the solar cells are arranged 1n a shingled manner.

BACKGROUND

[0003] Alternate sources of energy are needed to satisty
ever 1ncreasing world-wide energy demands. Solar energy
resources are suilicient in many geographical regions to sat-
1s1y such demands, 1n part, by provision of electric power
generated with solar (e.g., photovoltaic) cells.

SUMMARY

[0004] High efficiency arrangements of solar cells 1n a solar
cell module, and methods of making such solar modules, are
disclosed herein.

[0005] In one aspect, a solar module comprises a series
connected string of N=25 rectangular or substantially rectan-
gular solar cells having on average a breakdown voltage
greater than about 10 volts. The solar cells are grouped into
one or more super cells each of which comprises two or more
of the solar cells arranged 1n line with long sides of adjacent
solar cells overlapping and conductively bonded to each other
with an electrically and thermally conductive adhesive. No
single solar cell or group of <N solar cells in the string of solar
cells 1s individually electrically connected 1n parallel with a
bypass diode. Safe and reliable operation of the solar module
1s facilitated by effective heat conduction along the super cells
through the bonded overlapping portions of adjacent solar
cells, which prevents or reduces formation of hot spots 1n
reverse biased solar cells. The super cells may be encapsu-
lated 1n a thermoplastic olefin polymer sandwiched between
glass front and back sheets, for example, further enhancing
the robustness of the module with respect to thermal damage.
In some variations, N 1s =30, =50, or =100.

[0006] In another aspect, a super cell comprises a plurality
of silicon solar cells each comprising rectangular or substan-
tially rectangular front (sun side) and back surfaces with
shapes defined by first and second oppositely positioned par-
allel long sides and two oppositely positioned short sides.
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Each solar cell comprises an electrically conductive front
surface metallization pattern comprising at least one front
surface contact pad positioned adjacent to the first long side,
and an electrically conductive back surface metallization pat-
tern comprising at least one back surface contact pad posi-
tioned adjacent the second long side. The silicon solar cells
are arranged 1n line with first and second long sides of adja-
cent silicon solar cells overlapping and with front surface and
back surface contact pads on adjacent silicon solar cells over-
lapping and conductively bonded to each other with a con-
ductive adhesive bonding material to electrically connect the
silicon solar cells 1n series. The front surface metallization
pattern of each silicon solar cell comprises a barrier config-
ured to substantially confine the conducive adhesive bonding
material to the at least one front surface contact pads prior to
curing of the conductive adhesive bonding material during
manufacturing of the super cell.

[0007] In another aspect, a super cell comprises a plurality
of silicon solar cells each comprising rectangular or substan-
tially rectangular front (sun side) and back surfaces with
shapes defined by first and second oppositely positioned par-
allel long sides and two oppositely positioned short sides.
Each solar cell comprises an electrically conductive front
surface metallization pattern comprising at least one front
surface contact pad positioned adjacent to the first long side,
and an electrically conductive back surface metallization pat-
tern comprising at least one back surface contact pad posi-
tioned adjacent the second long side. The silicon solar cells
are arranged 1n line with first and second long sides of adja-
cent silicon solar cells overlapping and with front surface and
back surface contact pads on adjacent silicon solar cells over-
lapping and conductively bonded to each other with a con-
ductive adhesive bonding material to electrically connect the
silicon solar cells in series. The back surface metallization
pattern of each silicon solar cell comprises a barrier config-
ured to substantially confine the conducive adhesive bonding
material to the at least one back surface contact pads prior to
curing of the conductive adhesive bonding material during
manufacturing of the super cell.

[0008] In another aspect, a method of making a string of
solar cells comprises dicing one or more pseudo square sili-
con walers along a plurality of lines parallel to a long edge of
cach water to form a plurality of rectangular silicon solar cells
cach having substantially the same length along its long axis.
The method also comprises arranging the rectangular silicon
solar cells 1n line with long sides of adjacent solar cells
overlapping and conductively bonded to each other to elec-
trically connect the solar cells 1n series. The plurality of
rectangular silicon solar cells comprises at least one rectan-
gular solar cell having two chamiered corners corresponding
to corners or to portions ol corners of the pseudo square
waler, and one or more rectangular silicon solar cells each
lacking chamifered corners. The spacing between parallel
lines along which the pseudo square water 1s diced 1s selected
to compensate for the chamiered corners by making the width
perpendicular to the long axis of the rectangular silicon solar
cells that comprise chamiered corners greater than the width
perpendicular to the long axis of the rectangular silicon solar
cells that lack chamfered corners, so that each of the plurality
of rectangular silicon solar cells 1n the string of solar cells has
a front surface of substantially the same area exposed to light
in operation of the string of solar cells.

[0009] In another aspect, a super cell comprises a plurality
of silicon solar cells arranged in line with end portions of
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adjacent solar cells overlapping and conductively bonded to
cach other to electrically connect the solar cells in series. At
least one of the silicon solar cells has chamiered corners that
correspond to corners or portions of corners of a pseudo
square silicon water from which i1t was diced, at least one of
the silicon solar cells lacks chamfered corners, and each of the
s1licon solar cells has a front surface of substantially the same
area exposed to light during operation of the string of solar
cells.

[0010] In another aspect, a method of making two or more
super cells comprises dicing one or more pseudo square sili-
con walers along a plurality of lines parallel to a long edge of
cach water to form a first plurality of rectangular silicon solar
cells comprising chamiered corners corresponding to corners
or portions of corners of the pseudo square silicon waters and
a second plurality of rectangular silicon solar cells each of a
first length spanning a full width of the pseudo square silicon
walers and lacking chamifered corners. The method also com-
prises removing the chamiered corners from each of the first
plurality of rectangular silicon solar cells to form a third
plurality of rectangular silicon solar cells each of a second
length shorter than the first length and lacking chamfered
corners. The method further comprises arranging the second
plurality of rectangular silicon solar cells 1n line with long
sides of adjacent rectangular silicon solar cells overlapping
and conductively bonded to each other to electrically connect
the second plurality of rectangular silicon solar cells 1n series
to form a solar cell string having a width equal to the first
length, and arranging the third plurality of rectangular silicon
solar cells 1n line with long sides of adjacent rectangular
silicon solar cells overlapping and conductively bonded to
cach other to electrically connect the third plurality of rect-
angular silicon solar cells 1n series to form a solar cell string
having a width equal to the second length.

[0011] In another aspect, a method of making two or more
super cells comprises dicing one or more pseudo square sili-
con walers along a plurality of lines parallel to a long edge of
cach waler to form a first plurality of rectangular silicon solar
cells comprising chamiered corners corresponding to corners
or portions of corners of the pseudo square silicon wafers and
a second plurality of rectangular silicon solar cells lacking
chamiered corners, arranging the first plurality of rectangular
s1licon solar cells 1n line with long sides of adjacent rectan-
gular silicon solar cells overlapping and conductively bonded
to each other to electrically connect the first plurality of
rectangular silicon solar cells 1n series, and arranging the
second plurality of rectangular silicon solar cells 1n line with
long sides of adjacent rectangular silicon solar cells overlap-
ping and conductively bonded to each other to electrically
connect the second plurality of rectangular silicon solar cells
1n series.

[0012] In another aspect, a super cell comprises a plurality
of silicon solar cells arranged 1n line 1n a first direction with
end portions of adjacent silicon solar cells overlapping and
conductively bonded to each other to electrically connect the
s1licon solar cells 1n series, and an elongated flexible electri-
cal interconnect with its long axis oriented parallel to a second
direction perpendicular to the first direction, conductively
bonded to a front or back surface of an end one of the silicon
solar cells at a plurality of discrete locations arranged along
the second direction, running at least the full width of the end
solar cell in the second direction, having a conductor thick-
ness less than or equal to about 100 microns measured per-
pendicularly to the front or rear surface of the end silicon solar

Dec. 3, 2015

cell, providing a resistance to current flow in the second
direction of less than or equal to about 0.012 Ohms, and
configured to provide flexibility accommodating differential
expansion in the second direction between the end silicon

solar cell and the interconnect for a temperature range of
about —40° C. to about 85° C.

[0013] The flexible electrical interconnect may have a con-
ductor thickness less than or equal to about 30 microns mea-
sured perpendicularly to the front and rear surfaces of the end
silicon solar cell, for example. The flexible electrical inter-
connect may extend beyond the super cell in the second
direction to provide for electrical interconnection to at least a
second super cell positioned parallel to and adjacent the super
cell in a solar module. In addition, or alternatively, the tlexible
clectrical interconnect may extend beyond the super cell 1n
the first direction to provide for electrical interconnection to a
second super cell positioned parallel to and 1n line with the
super cell i a solar module.

[0014] In another aspect, a solar module comprises a plu-
rality of super cells arranged 1n two or more parallel rows
spanmng a width of the module to form a front surface of the
module. Each super cell comprises a plurality of silicon solar
cells arranged 1n line with end portions of adjacent silicon
solar cells overlapping and conductively bonded to each other
to electrically connect the silicon solar cells 1n series. At least
an end of a first super cell adjacent an edge of the module 1n
a first row 1s electrically connected to an end of a second super
cell adjacent the same edge of the module 1n a second row via
a flexible electrical interconnect that 1s bonded to the front
surface of the first super cell at a plurality of discrete locations
with an electrically conductive adhesive bonding material,
runs parallel to the edge of the module, and at least a portion
of which folds around the end of the first super cell and 1s
hidden from view from the front of the module.

[0015] In another aspect, a method of making a super cell
comprises laser scribing one or more scribe lines on each of
one or more silicon solar cells to define a plurality of rectan-
gular regions on the silicon solar cells, applying an electri-
cally conductive adhesive bonding material to the one or more
scribed silicon solar cells at one or more locations adjacent a
long side of each rectangular region, separating the silicon
solar cells along the scribe lines to provide a plurality of
rectangular silicon solar cells each comprising a portion of
the electrically conductive adhesive bonding material dis-
posed on its front surface adjacent a long side, arranging the
plurality of rectangular silicon solar cells 1n line with long
sides of adjacent rectangular silicon solar cells overlapping in
a shingled manner with a portion of the electrically conduc-
tive adhesive bonding material disposed in between, and cur-
ing the electrically conductive bonding matenial, thereby
bonding adjacent overlapping rectangular silicon solar cells
to each other and electrically connecting them 1n series.

[0016] In another aspect, a method of making a super cell
comprises laser scribing one or more scribe lines on each of
one or more silicon solar cells to define a plurality of rectan-
gular regions on the silicon solar cells, applying an electri-
cally conductive adhesive bonding material to portions of the
top surfaces of the one or more silicon solar cells, applying a
vacuum between the bottom surfaces of the one or more
s1licon solar cells and a curved supporting surface to tlex the
one or more silicon solar cells against the curved supporting
surface and thereby cleave the one or more silicon solar cells
along the scribe lines to provide a plurality of rectangular
s1licon solar cells each comprising a portion of the electrically
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conductive adhesive bonding material disposed on 1ts front
surface adjacent a long side, arranging the plurality of rect-
angular silicon solar cells 1n line with long sides of adjacent
rectangular silicon solar cells overlapping in a shingled man-
ner with a portion of the electrically conductive adhesive
bonding material disposed 1n between, and curing the elec-
trically conductive bonding material, thereby bonding adja-
cent overlapping rectangular silicon solar cells to each other
and electrically connecting them 1n series.

[0017] In another aspect, a method of making a solar mod-
ule comprises assembling a plurality of super cells, with each
super cell comprising a plurality of rectangular silicon solar
cells arranged 1n line with end portions on long sides of
adjacent rectangular silicon solar cells overlapping 1n a
shingled manner. The method also comprises curing an elec-
trically conductive bonding material disposed between the
overlapping end portions of adjacent rectangular silicon solar
cells by applying heat and pressure to the super cells, thereby
bonding adjacent overlapping rectangular silicon solar cells
to each other and electrically connecting them 1n series. The
method also comprises arranging and interconnecting the
super cells 1n a desired solar module configuration 1n a stack
of layers comprising an encapsulant, and applying heat and
pressure to the stack of layers to form a laminated structure.

[0018] Some variations of the method comprise curing or
partially curing the electrically conductive bonding material
by applying heat and pressure to the super cells prior to
applying heat and pressure to the stack of layers to form the
laminated structure, thereby forming cured or partially cured
super cells as an mtermediate product before forming the
laminated structure. In some variations, as each additional
rectangular silicon solar cell 1s added to a super cell during
assembly of the super cell, the electrically conductive adhe-
stve bonding material between the newly added solar cell and
its adjacent overlapping solar cell 1s cured or partially cured
betfore any other rectangular silicon solar cell 1s added to the
super cell. Alternatively, some variations comprise curing or
partially curing all of the electrically conductive bonding
material 1 a super cell in the same step.

[0019] Ifthe super cells are formed as partially cured inter-
mediate products, the method may comprise completing the
curing of the electrically conductive bonding material while
applying heat and pressure to the stack of layers to form the
laminated structure.

[0020] Some vanations of the method comprise curing the
clectrically conductive bonding material while applying heat
and pressure to the stack of layers to form a laminated struc-
ture, without forming cured or partially cured super cells as an
intermediate product before forming the laminated structure.

[0021] The method may comprise dicing one or more stan-
dard size silicon solar cells into rectangular shapes of smaller
area to provide the rectangular silicon solar cells. The elec-
trically conductive adhesive bonding material may be applied
to the one or more silicon solar cells before dicing the one or
more silicon solar cells to provide the rectangular silicon solar
cells with pre-applied electrically conductive adhesive bond-
ing material. Alternatively, the electrically conductive adhe-
stve bonding material may be applied to the rectangular sili-
con solar cells after dicing the one or more silicon solar cells
to provide the rectangular silicon solar cells.

[0022] These and other embodiments, features and advan-
tages of the present mvention will become more apparent to
those skilled in the art when taken with reference to the
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following more detailed description of the invention 1n con-
junction with the accompanying drawings that are first briefly

described.

BRIEF DESCRIPTION OF THE DRAWINGS

[0023] FIG. 1 showsa cross-sectional diagram of a string of
series-connected solar cells arranged 1n a shingled manner
with the ends of adjacent solar cells overlapping to form a
shingled super cell.

[0024] FIG. 2A shows a diagram of the front (sun side)
surface and front surface metallization pattern of an example
rectangular solar cell that may be used to form shingled super
cells.

[0025] FIGS. 2B and 2C show diagrams of the front (sun
side) surface and front surface metallization patterns of two
example rectangular solar cells having rounded corners that
may be used to form shingled super cells

[0026] FIGS. 2D and 2E show diagrams of the rear surtaces
and example rear surface metallization patterns for the solar
cell shown 1n FIG. 2A.

[0027] FIGS. 2F and 2G show diagrams of the rear surfaces
and example rear surface metallization patterns for the solar
cells shown 1n FIGS. 2B and 2C, respectively.

[0028] FIG. 2H shows a diagram of the front (sun side)
surface and front surface metallization pattern of another
example rectangular solar cell that may be used to form
shingled super cells. The front surface metallization pattern
comprises discrete contact pads each of which 1s surrounded
by a barrier configured to prevent uncured conductive adhe-
stve bonding material deposited on 1ts contact pad from tlow-
ing away irom the contact pad.

[0029] FIG. 21 shows a cross-sectional view of the solar cell
of FIG. 2H and 1dentifies detail of the front surface metalli-
zation pattern shown in expanded view in FIGS. 2J and 2K
that includes a contact pad and portions of a barrier surround-
ing the contact pad.

[0030] FIG. 2] shows an expanded view of detail from FIG.
21.
[0031] FIG. 2K shows an expanded view of detail from

FIG. 21 with uncured conductive adhesive bonding material
substantially confined to the location of the discrete contact
pad by the barrier.

[0032] FIG. 2L shows a diagram of the rear surface and an
example rear surface metallization pattern for the solar cell of
FIG. 2H. The rear surface metallization pattern comprises
discrete contact pads each of which 1s surrounded by a barrier
configured to prevent uncured conductive adhesive bonding
material deposited on its contact pad from flowing away from
the contact pad.

[0033] FIG. 2M shows a cross-sectional view of the solar
cell of FIG. 2L and identifies detail of the rear surface met-
allization pattern shown 1n expanded view in FIG. 2N that
includes a contact pad and portions of a barrier surrounding
the contact pad.

[0034] FIG. 2N shows an expanded view of detail from
FIG. 2M.
[0035] FIG. 20 shows another variation of a metallization

pattern comprising a barrier configured to prevent uncured
conductive adhesive bonding material from flowing away
from a contact pad. The barrier abuts one side of the contact
pad and 1s taller than the contact pad.

[0036] FIG. 2P shows another variation of the metallization
pattern of FIG. 20, with the barrier abutting at least two sides
of the contact pad
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[0037] FIG. 2Q shows a diagram of the rear surface and an
example rear surface metallization pattern for another
example rectangular solar cell. The rear surface metallization
pattern comprises a continuous contact pad running substan-
tially the length of a long side of the solar cell along an edge
of the solar cell. The contact pad 1s surrounded by a barrier
configured to prevent uncured conductive adhesive bonding
material deposited on the contact pad from flowing away
from the contact pad.

[0038] FIG. 2R shows a diagram of the front (sun side)
surface and front surface metallization pattern of another
example rectangular solar cell that may be used to form
shingled super cells. The front surface metallization pattern
comprises discrete contact pads arranged 1n a row along an
edge of the solar cell and a long thin conductor running
parallel to and inboard from the row of contact pads. The long,
thin conductor forms a barrier configured to prevent uncured
conductive adhesive bonding material deposited on 1ts con-
tact pads from flowing away from the contact pads and onto
active areas of the solar cell.

[0039] FIG. 3A shows a diagram illustrating an example
method by which a standard size and shape pseudo square
s1licon solar cell may be separated (e.g., cut, or broken) 1nto
rectangular solar cells of two different lengths that may be
used to form shingled super cells.

[0040] FIGS. 3B and 3C show diagrams 1llustrating another
example method by which a pseudo square silicon solar cell
may be separated into rectangular solar cells. FIG. 3B shows
the front surface of the water and an example front surface
metallization pattern. FIG. 3C shows the rear surface of the
waler and an example rear surface metallization pattern.

[0041] FIGS. 3D and 3E show diagrams illustrating an

example method by which a square silicon solar cell may be
separated into rectangular solar cells. FIG. 3D shows the front
surface of the water and an example front surface metalliza-
tion pattern. FIG. 3E shows the rear surface of the water and
an example rear surface metallization pattern.

[0042] FIG. 4A shows a fragmentary view of the front
surface of an example rectangular super cell comprising rect-
angular solar cells as shown for example 1n FIG. 2A arranged
in a shingled manner as shown in FIG. 1.

[0043] FIGS. 4B and 4C show front and rear views, respec-
tively, of an example rectangular super cell comprising
“chevron” rectangular solar cells having chamiered corners,
as shown for example 1n FIG. 2B, arranged in a shingled
manner as shown in FIG. 1.

[0044] FIG. SA shows a diagram of an example rectangular
solar module comprising a plurality of rectangular shingled
super cells, with the long side of each super cell having a
length of approximately half the length of the short sides of
the module. Pairs of the super cells are arranged end-to-end to
torm rows with the long sides of the super cells parallel to the
short sides of the module.

[0045] FIG. 5B shows a diagram of another example rect-
angular solar module comprising a plurality of rectangular
shingled super cells, with the long side of each super cell
having a length of approximately the length of the short sides
of the module. The super cells are arranged with their long
sides parallel to the short sides of the module.

[0046] FIG. 5C shows a diagram of another example rect-
angular solar module comprising a plurality of rectangular
shingled super cells, with the long side of each super cell
having a length of approximately the length of the long side of
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the module. The super cells are arranged with their long sides
parallel to the sides of the module.

[0047] FIG.SD shows adiagram of an example rectangular
solar module comprising a plurality of rectangular shingled
super cells, with the long side of each super cell having a
length of approximately half the length of the long sides of the
module. Pairs of the super cells are arranged end-to-end to
form rows with the long sides of the super cells parallel to the
long sides of the module.

[0048] FIG. SE shows a diagram of another example rect-
angular solar module similar in configuration to that of FIG.
5C, 1n which all of the solar cells from which the super cells
are formed are chevron solar cells having chamiered corners
corresponding to corners of pseudo-square waters from
which the solar cells were separated.

[0049] FIG. SF shows a diagram of another example rect-
angular solar module similar in configuration to that of FIG.
5C, 1n which the solar cells from which the super cells are
formed comprise a mixture of chevron and rectangular solar
cells arranged to reproduce the shapes of the pseudo-square
walers from which they were separated.

[0050] FIG. 5G shows a diagram of another example rect-
angular solar module similar in configuration to that of FIG.
S5E, except that adjacent chevron solar cells 1n a super cell are
arranged as mirror images ol each other so that their overlap-
ping edges are of the same length.

[0051] FIG. 6 shows an example arrangement of three rows
of super cells interconnected with tlexible electrical intercon-
nects to put the super cells within each row 1n series with each
other, and to put the rows in parallel with each other. These
may be three rows in the solar module of FIG. 5D, for
example.

[0052] FIG. 7 shows example flexible interconnects that
may be used to interconnect super cells 1n series or 1n parallel.
Some of the examples exhibit patterning that increase their
flexibility (mechanical compliance) along their long axes,
along their short axes, or along their long axes and their short
axes.

[0053] FIG. 8A shows Detaill A from FIG. 5D: a cross-
sectional view of the example solar module of FIG. SD show-
ing cross-sectional details of tlexible electrical interconnects
bonded to the rear surface terminal contacts of the rows of
super cells.

[0054] FIG. 8B shows Detail C from FIG. 5D: a cross-
sectional view of the example solar module of FIG. SD show-
ing cross-sectional details of tlexible electrical interconnects
bonded to the front (sunny side) surface terminal contacts of
the rows of super cells.

[0055] FIG. 8C shows Detail B from FIG. 5D: a cross-
sectional view of the example solar module of FIG. 5D show-
ing cross-sectional details of flexible interconnects arranged
to interconnect two super cells 1n a row 1n series.

[0056] FIG. 8D-8G show additional examples of electrical
interconnects bonded to a front terminal contact of a super
cell at an end of a row of super cells, adjacent an edge of a
solar module. The example interconnects are configured to
have a small foot print on the front surface of the module.

[0057] FIG. 9A shows a diagram of another example rect-
angular solar module comprising six rectangular shingled
super cells, with the long side of each super cell having a
length of approximately the length of the long side of the
module. The super cells are arranged in six rows that are
clectrically connected 1n parallel with each other and 1n par-
allel with a bypass diode disposed 1n a junction box on the rear
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surtace of the solar module. Electrical connections between
the super cells and the bypass diode are made through ribbons
embedded 1n the laminate structure of the module.

[0058] FIG. 9B shows a diagram of another example rect-
angular solar module comprising six rectangular shingled
super cells, with the long side of each super cell having a
length of approximately the length of the long side of the
module. The super cells are arranged in six rows that are
clectrically connected 1n parallel with each other and 1n par-
allel with a bypass diode disposed in a junction box on the rear
surface and near an edge of the solar module. A second
junction box 1s located on the rear surface near an opposite
edge of the solar module. Electrical connection between the
super cells and the bypass diode are made through an external
cable between the junction boxes.

[0059] FIG. 9C shows an example glass-glass rectangular
solar module comprising six rectangular shingled super cells,
with the long side of each super cell having a length of
approximately the length of the long side of the module. The
super cells are arranged 1n s1x rows that are electrically con-
nected 1n parallel with each other. Two junction boxes are
mounted on opposite edges of the module, maximizing the
active area of the module.

[0060] FIG. 9D shows a side view of the solar module
illustrated in FIG. 9C.

[0061] FIG. 9E shows another example solar module com-
prising six rectangular shingled super cells, with the long side
of each super cell having a length of approximately the length
of the long side of the module. The super cells are arranged 1n
s1X rows, with three pairs of rows individually connected to a
power management device on the solar module.

[0062] FIG. 9F shows another example solar module com-
prising six rectangular shingled super cells, with the long side
of each super cell having a length of approximately the length
ol the long side of the module. The super cells are arranged 1n
s1X rows, with each row individually connected to a power
management device on the solar module.

[0063] FIGS.9G and 9H show other embodiments of archi-
tectures for module level power management using shingled
super cells.

[0064] FIG. 10A shows an example schematic electrical
circuit diagram for a solar module as 1llustrated 1n FIG. 5B.

[0065] FIGS. 10B-1 and 10B-2 show an example physical

layout for various electrical interconnections for a solar mod-
ule as illustrated in FIG. 5SB having the schematic circuit

diagram of FIG. 10A.

[0066] FIG. 11A shows an example schematic electrical
circuit diagram for a solar module as 1llustrated 1n FIG. 5A.
[0067] FIGS. 11B-1 and 11B-2 show an example physical
layout for various electrical interconnections for a solar mod-
ule as illustrated 1 FIG. 5A having the schematic electrical
circuit diagram of FIG. 11A.

[0068] FIGS. 11C-1 and 11C-2 show another example
physical layout for various electrical interconnections for a
solar module as illustrated 1n FIG. 5A having the schematic
clectrical circuit diagram of FIG. 11A.

[0069] FIG. 12A shows another example schematic circuit
diagram for a solar module as 1llustrated in FIG. 5A.

[0070] FIGS. 12B-1 and 12B-2 show an example physical
layout for various electrical interconnections for a solar mod-
ule as illustrated 1n FIG. SA having the schematic circuit
diagram of FIG. 12A.

[0071] FIGS. 12C-1, 12C-2, and 12C-3 show another
example physical layout for various electrical interconnec-
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tions for a solar module as illustrated 1n FIG. 5A having the
schematic circuit diagram of FIG. 12A.

[0072] FIG. 13A shows another example schematic circuit
diagram for a solar module as 1llustrated 1n FIG. 5A.

[0073] FIG. 13B shows another example schematic circuit
diagram for a solar module as 1llustrated in FIG. 5B.

[0074] FIGS. 13C-1 and 13C-2 show an example physical

layout for various electrical interconnections for a solar mod-
ule as illustrated in FIG. 5A having the schematic circuit
diagram of FIG. 13A. Slightly modified, the physical layout
of FIGS. 13C-1 and 13C-2 1s suitable for a solar module as
illustrated 1n FIG. 5B having the schematic circuit diagram of
FIG. 13B.

[0075] FIG. 14A shows a diagram of another example rect-
angular solar module comprising a plurality of rectangular
shingled super cells, with the long side of each super cell
having a length of approximately half the length of the short
side of the module. Pairs of the super cells are arranged
end-to-end to form rows with the long sides of the super cells
parallel to the short side of the module.

[0076] FIG. 14B shows an example schematic circuit dia-
gram for a solar module as 1llustrated 1n FIG. 14A.

[0077] FIGS. 14C-1 and 14C-2 show an example physical

layout for various electrical interconnections for a solar mod-
ule as illustrated 1n FIG. 14A having the schematic circuit

diagram of FI1G. 14B.

[0078] FIG. 15 shows another example physical layout for
various electrical interconnections for a solar module as 1llus-

trated 1n FIG. SB having the schematic circuit diagram of
FIG. 10A.

[0079] FIG. 16 shows an example arrangement of a smart
switch mterconnecting two solar modules 1n series.

[0080] FIG. 17 shows a flow chart for an example method
of making a solar module with super cells.

[0081] FIG. 18 shows a flow chart for another example
method of making a solar module with super cells.

[0082] FIGS. 19A-19D show example arrangements by
which super cells may be cured with heat and pressure.

[0083] FIGS. 20A-20C schematically 1llustrate an example
apparatus that may be used to cleave scribed solar cells. The
apparatus may be particularly advantageous when used to
cleave scribed super cells to which conductive adhesive bond-
ing material has been applied.

[0084] FIG. 21 shows an example white back sheet “zebra

striped” with dark lines that may be used 1n solar modules
comprising parallel rows of super cells to reduce visual con-
trast between the super cells and portions of the back sheet
visible from the front of the module.

[0085] FIG. 22A shows a plan view of a conventional mod-
ule utilizing traditional ribbon connections under hot spot
conditions. FIG. 22B shows a plan view of a module utilizing
thermal spreading according to embodiments, also under hot
spot conditions.

[0086] FIGS. 23A-B show examples of super cell string
layouts with chamifered cells.

[0087] FIGS. 24-25 show simplified cross-sectional views
of arrays comprising a plurality of modules assembled 1n
shingled configurations.

[0088] FIG. 26 shows adiagram of therear (shaded) surface
ol a solar module illustrating an example electrical intercon-
nection of the front (sun side) surface terminal electrical
contacts of a shingled super cell to a junction box on the rear
side of the module.
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[0089] FIG. 27 shows adiagram of the rear (shaded) surface
ol a solar module illustrating an example electrical intercon-
nection of two or more shuingled super cells 1n parallel, with
the front (sun side) surface terminal electrical contacts of the
super cells connected to each other and to a junction box on
the rear side of the module.

[0090] FIG. 28 shows adiagram of therear (shaded) surface
ol a solar module 1llustrating another example electrical inter-
connection of two or more shingled super cells 1n parallel,
with the front (sun side) surface terminal electrical contacts of
the super cells connected to each other and to a junction box
on the rear side of the module.

[0091] FIG. 29 shows fragmentary cross-sectional and per-
spective diagrams of two super cells illustrating the use of a
flexible interconnect sandwiched between overlapping ends
of adjacent super cells to electrically connect the super cells 1n
series and to provide an electrical connection to a junction
box. FIG. 29A shows an enlarged view of an area of interest
in FIG. 29.

[0092] FIG. 30A shows an example super cell with electri-
cal interconnects bonded to its front and rear surface terminal
contacts. FIG. 30B shows two of the super cells of FIG. 30A
interconnected 1n parallel.

DETAILED DESCRIPTION

[0093] The following detailed description should be read
with reference to the drawings, in which i1dentical reference
numbers refer to like elements throughout the different fig-
ures. The drawings, which are not necessarily to scale, depict
selective embodiments and are not intended to limit the scope
of the invention. The detailed description 1llustrates by way of
example, not by way of limitation, the principles of the mnven-
tion. This description will clearly enable one skilled in the art
to make and use the invention, and describes several embodi-
ments, adaptations, variations, alternatives and uses of the
invention, including what 1s presently believed to be the best
mode of carrying out the invention.

[0094] As used in this specification and the appended
claims, the singular forms “a,” “an,” and *“the” include plural
referents unless the context clearly indicates otherwise. Also,
the term “parallel” 1s intended to mean “parallel or substan-
tially parallel” and to encompass minor deviations from par-
allel geometries rather than to require that any parallel
arrangements described herein be exactly parallel. The term
“perpendicular” 1s intended to mean “perpendicular or sub-
stantially perpendicular” and to encompass minor deviations
from perpendicular geometries rather than to require that any
perpendicular arrangement described herein be exactly per-
pendicular. The term “square™ 1s intended to mean “square or
substantially square” and to encompass minor deviations
from square shapes, for example substantially square shapes
having chamfered (e.g., rounded or otherwise truncated) cor-
ners. The term “rectangular” 1s intended to mean “rectangular
or substantially rectangular” and to encompass minor devia-
tions from rectangular shapes, for example substantially rect-
angular shapes having chamiered (e.g., rounded or otherwise
truncated) corners.

[0095] This specification discloses high-efliciency
shingled arrangements of silicon solar cells 1n solar cell mod-
ules, as well as front and rear surface metallization patterns
and 1nterconnects for solar cells that may be used 1n such
arrangements. This specification also discloses methods for
manufacturing such solar modules. The solar cell modules

may be advantageously employed under “one sun” (non-
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concentrating) i1llumination, and may have physical dimen-
sions and electrical specifications allowing them to be sub-
stituted for conventional silicon solar cell modules.

[0096] FIG. 1 shows a cross-sectional view of a string of
series-connected solar cells 10 arranged 1n a shingled manner
with the ends of adjacent solar cells overlapping and electri-
cally connected to form a super cell 100. Each solar cell 10
comprises a semiconductor diode structure and electrical
contacts to the semiconductor diode structure by which elec-
tric current generated in solar cell 10 when it 1s 1lluminated by
light may be provided to an external load.

[0097] Inthe examples described 1n this specification, each
solar cell 10 1s a crystalline silicon solar cell having front (sun
side) surface and rear (shaded side) surface metallization
patterns providing electrical contact to opposite sides of an
n-p junction, the front surtace metallization pattern 1s dis-
posed on a semiconductor layer of n-type conductivity, and
the rear surface metallization pattern 1s disposed on a semi-
conductor layer of p-type conductivity. However, any other
suitable solar cells employing any other suitable material
system, diode structure, physical dimensions, or electrical
contact arrangement may be used 1nstead of or 1n addition to
solar cells 10 1n the solar modules described 1n this specifi-
cation. For example, the front (sun side) surface metallization
pattern may be disposed on a semiconductor layer of p-type
conductivity, and the rear (shaded side) surface metallization
pattern disposed on a semiconductor layer of n-type conduc-
tivity.

[0098] Referring again to FIG. 1, in super cell 100 adjacent
solar cells 10 are conductively bonded to each other in the
region 1 which they overlap by an electrically conducting
bonding material that electrically connects the front surface
metallization pattern of one solar cell to the rear surface
metallization pattern of the adjacent solar cell. Suitable elec-
trically conducting bonding materials may include, for
example, electrically conducting adhesives and electrically
conducting adhesive films and adhesive tapes, and conven-
tional solders. Preferably, the electrically conducting bonding,
material provides mechanical compliance i the bond
between the adjacent solar cells that accommodates stress
arising from mismatch between the coelficient of thermal
expansion (CTE) of the electrically conducting bonding
material and that of the solar cells (e.g., the CTE of silicon).
To provide such mechanical compliance, 1n some variations
the electrically conducting bonding matenal 1s selected to
have a glass transition temperature of less than or equal to
about 0° C. To further reduce and accommodate stress parallel
to the overlapping edges of the solar cells arising from CTE
mismatch, the electrically conductive bonding material may
optionally be applied only at discrete locations along the
overlapping regions of the solar cells rather than 1n a continu-
ous line extending substantially the length of the edges of the
solar cells

[0099] The thickness of the electrically conductive bond
between adjacent overlapping solar cells formed by the elec-
trically conductive bonding material, measured perpendicu-
larly to the front and rear surfaces of the solar cells, may be for
example less than about 0.1 mm. Such a thin bond reduces
resistive loss at the interconnection between cells, and also
promotes flow of heat along the super cell from any hot spot
in the super cell that might develop during operation. The
thermal conductivity of the bond between solar cells may be,
for example, =about 1.5 Watts/(meter K).
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[0100] FIG. 2A shows the front surface of an example
rectangular solar cell 10 that may be used in a super cell 100.
Other shapes for solar cell 10 may also be used, as suitable. In
the illustrated example the front surface metallization pattern
of solar cell 10 includes a bus bar 15 positioned adjacent to the
edge of one of the long sides of solar cell 10 and running
parallel to the long sides for substantially the length of the
long sides, and fingers 20 attached perpendicularly to the bus
bar and running parallel to each other and to the short sides of
solar cell 10 for substantially the length of the short sides.

[0101] Inthe example of FIG. 2A solar cell 10 has a length
of about 156 mm, a width of about 26 mm, and thus an aspect
ratio (length of short side/length of long side) of about 1:6.
Si1x such solar cells may be prepared on a standard 136
mmx 156 mm dimension silicon waier, then separated (diced)
to provide solar cells as illustrated. In other vanations, eight
solar cells 10 having dimensions of about 19.5 mmx1356 mm,
and thus an aspect ratio of about 1:8, may be prepared from a
standard silicon water. More generally, solar cells 10 may
have aspectratios of, for example, about 1:2 to about 1:20 and
may be prepared from standard size waters or from waters of
any other suitable dimensions.

[0102] FIG. 3A shows an example method by which a

standard size and shape pseudo square silicon solar cell water
45 may be cut, broken, or otherwise divided to form rectan-
gular solar cells as just described. In this example several full
width rectangular solar cells 10L are cut from the central
portion of the wafer, and 1n addition several shorter rectan-
gular solar cells 10S are cut from end portions of the wafer
and the chamiered or rounded corners of the water are dis-
carded. Solar cells 10L may be used to form shingled super
cells of one width, and solar cells 10S may be used to form
shingled super cells of a narrower width.

[0103] Alternatively, the chamiered (e.g., rounded) corners
may be retained on the solar cells cut from end portions of the
waler. FIGS. 2B-2C show the front surfaces of example
“chevron” rectangular solar cells 10 substantially similar to
that of FIG. 2A, but having chamfered corners retained from
the water from which the solar cells were cut. In F1G. 2B, bus
bar 15 1s positioned adjacent to and runs parallel to the shorter
of the two long sides for substantially the length of that side,
and further extends at both ends at least partially around the
chamiered corners of the solar cell. In FIG. 2C, bus bar 15 1s
positioned adjacent to and runs parallel to the longer of the
two long sides for substantially the length of that side. FIGS.
3B-3C show front and rear views of a pseudo square waler 435
that may be diced along the dashed lines shown 1n FIG. 3C to
provide a plurality of solar cells 10 having front surface
metallization patterns similar to that shown 1n FIG. 2A, and
two chamiered solar cells 10 having front surface metalliza-
tion patterns similar to that shown 1n FIG. 2B.

[0104] In the example front surface metallization pattern
shown 1n FIG. 2B, the two end portions of bus bar 15 that
extend around the chamfered corners of the cell may each
have a width that tapers (gradually narrows) with increasing
distance from the portion of the bus bar located adjacent the
long side of the cell. Similarly, 1n the example front surface
metallization pattern shown 1n FI1G. 3B, the two end portions
of the thin conductor that interconnects discrete contact pads
15 extend around the chambered corners of the solar cell and
taper with increasing distance from the long side of the solar
cell along which the discrete contact pads are arranged. Such
tapering 1s optional, but may advantageously reduce metal
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use and shading of the active region of the solar cell without
significantly increasing resistive loss.

[0105] FIGS. 3D-3E show front and rear views of a perfect
square waler 47 that may be diced along the dashed lines
shown 1 FIG. 3E to provide a plurality of solar cells 10

having front surface metallization patterns similar to that
shown 1n FIG. 2A.

[0106] Chamiered rectangular solar cells may be used to
form super cells comprising only chamiered solar cells. Addi-
tionally or alternatively, one or more such chamiered rectan-
gular solar cells may be used in combination with one or more
unchamiered rectangular solar cells (e.g., F1G. 2A) to form a
super cell. For example, the end solar cells of a super cell may
be chamfered solar cells, and the middle solar cells uncham-
tered solar cells. If chamiered solar cells are used 1n combi-
nation with unchamiered solar cells in a super cell, or more
generally 1n a solar module, 1t may be desirable to use dimen-
sions for the solar cells that result in the chamifered and
unchamiered solar cells having the same front surface area
exposed to light during operation of the solar cells. Matching
the solar cell areas in this manner matches the current pro-
duced 1n the chamftered and unchamfered solar cells, which
improves the performance of a series connected string that
includes both chamifered and unchamiered solar cells. The
areas ol chamiered and unchamfered solar cells cut from the
same pseudo square waler may be matched, for example, by
adjusting locations of the lines along which the wafer 1s diced
to make the chamifered solar cells slightly wider than the
unchamiered solar cells 1n the direction perpendicular to their
long axes, to compensate for the missing corners on the cham-
tered solar cells.

[0107] A solar module may comprise only super cells
formed exclusively from unchamiered rectangular solar cells,
or only super cells formed from chamiered rectangular solar
cells, or only super cells that include chamfered and uncham-
tered solar cells, or any combination of these three vanations
of super cell.

[0108] In some instances portions of a standard size square
or pseudo square solar cell water (e.g., water 45 or waler 47)
near the edges of the wafler may convert light to electricity
with lower efficiency than portions of the wafer located away
from the edges. To improve the efliciency of the resulting
rectangular solar cells, 1n some variations one or more edges
of the waler are trimmed to remove the lower elliciency
portions before the water 1s diced. The portions trimmed from
the edges of the waler may have widths of about 1 mm to
about 5 mm, for example. Further, as shown in FIGS. 3B and
3D, the two end solar cells 10 to be diced from a water may be
oriented with their front surface bus bars (or discrete contact
pads) 15 along their outside edges and thus along two of the
edges of the water. Because in the super cells disclosed 1n this
specification bus bars (or discrete contact pads) 15 are typi-
cally overlapped by an adjacent solar cell, low light conver-
s1on efficiency along those two edges of the wafer typically
does not affect performance of the solar cells. Consequently,
in some variations edges of a square or pseudo square waler
oriented parallel to the short sides of the rectangular solar
cells are trimmed as just described, but edges of the wafer
oriented parallel to the long sides of rectangular solar cells are
not. In other variations, one, two, three, or four edges of a
square waler (e.g., waler 47 in FIG. 3D) are timmed as just
described. In other variations, one, two, three, or four of the
long edges of a pseudo-square waler are trimmed as just

described.
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[0109] Solarcells having long and narrow aspect ratios and
areas less than that of a standard 156 mmx156 mm solar cell,
as illustrated, may be advantageously employed to reduce I°R
resistive power losses 1n the solar cell modules disclosed in
this specification. In particular, the reduced area of solar cells
10 compared to standard size silicon solar cells decreases the
current produced in the solar cell, directly reducing resistive
power loss 1n the solar cell and 1n a series connected string of
such solar cells. In addition, arranging such rectangular solar
cells i a super cell 100 so that current flows through the super
cell parallel to the short sides of the solar cells may reduce the
distance that the current must tlow through the semiconductor
material to reach fingers 20 1n the front surface metallization
pattern and reduce the required length of the fingers, which
may also reduce resistive power loss.

[0110] As noted above, bonding overlapped solar cells 10
to each other 1n their overlapping region to electrically con-
nect the solar cells 1n series reduces the length of the electrical
connection between adjacent solar cells, compared to con-
ventionally tabbed series-connected strings of solar cells.
This also reduces resistive power loss.

[0111] Referring again to FIG. 2A, m the illustrated
example the front surface metallization pattern on solar cell
10 comprises an optional bypass conductor 40 running par-
allel to and spaced apart from bus bar 135. (Such a bypass
conductor may also optionally be used 1n the metallization
patterns shown 1 FIGS. 2B-2C, 3B, and 3D, and 1s also
shown 1n FIG. 2Q in combination with discrete contact pads
15 rather than a continuous bus bar). Bypass conductor 40
interconnects fingers 20 to electrically bypass cracks that may
form between bus bar 15 and bypass conductor 40. Such
cracks, which may sever fingers 20 at locations near to bus bar
15, may otherwise 1solate regions of solar cell 10 from bus bar
15. The bypass conductor provides an alternative electrical
path between such severed fingers and the bus bar. The 1llus-
trated example shows a bypass conductor 40 positioned par-
allel to bus bar 15, extending about the full length of the bus
bar, and interconnecting every finger 20. This arrangement
may be preferred but 1s not required. If present, the bypass
conductor need not run parallel to the bus bar and need not
extend the full length of the bus bar. Further, a bypass con-
ductor interconnects at least two fingers, but need not inter-
connect all fingers. Two or more short bypass conductors may
be used 1n place of a longer bypass conductor, for example.
Any suitable arrangement of bypass conductors may be used.
The use of such bypass conductors 1s described 1n greater
detail 1n U.S. patent application Ser. No. 13/3°71,790, titled
“Solar Cell With Metallization Compensating For Or Pre-
venting Cracking,” and filed Feb. 13, 2012, which 1s incorpo-
rated herein by reference 1n 1ts entirety.

[0112] The example front surface metallization pattern of
FIG. 2A also includes an optional end conductor 42 that
interconnects fingers 20 at their far ends, opposite from bus
bar 15. (Such an end conductor may also optionally be used in
the metallization patterns shown in FIGS. 2B-2C, 3B, and 3D,
and 2Q)). The width of conductor 42 may be about the same as
that of a finger 20, for example. Conductor 42 iterconnects
fingers 20 to electrically bypass cracks that may form
between bypass conductor 40 and conductor 42, and thereby
provides a current path to bus bar 15 for regions of solar cell
10 that might otherwise be electrically 1solated by such
cracks.

[0113] Although some of the illustrated examples show a
front bus bar 15 extending substantially the length of the long
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sides of solar cell 10 with uniform width, this 1s not required.
For example, as alluded to above front bus bar 15 may be
replaced by two or more front surface discrete contact pads 15
which may be arranged, for example, 1n line with each other
along a side of solar cell 10 as shown 1in FIGS. 2H, 2Q), and 3B
for example. Such discrete contact pads may optionally be
interconnected by thinner conductors runnming between them,
as shown for example in the figures just mentioned. In such
variations, the width of the contact pads measured perpen-
dicularly to the long side of the solar cell may be for example
about 2 to about 20 times that of the thin conductors inter-
connecting the contact pads. There may be a separate (e.g.,
small) contact pad for each finger 1n the front surface metal-
lization pattern, or each contact pad may be connected to two
or more fingers. Front surface contact pads 15 may be square
or have a rectangular shape elongated parallel to the edge of
the solar cell, for example. Front surface contact pads 15 may
have widths perpendicular to the long side of the solar cell of
about 1 mm to about 1.5 mm, for example, and lengths par-
allel to the long side of the solar cell of about 1 mm to about
10 mm for example. The spacing between contact pads 15
measured parallel to the long side of the solar cell may be
about 3 mm to about 30 mm, for example.

[0114] Altematively, solar cell 10 may lack both a front bus
bar 15 and discrete front contact pads 135 and include only
fingers 20 1n the front surface metallization pattern. In such
variations, the current-collecting functions that would other-
wise be performed by a front bus bar 15 or contact pads 135
may 1nstead be performed, or partially performed, by the
conductive material used to bond two solar cells 10 to each
other 1n the overlapping configuration described above.

[0115] Solar cells lacking both a bus bar 15 and contact
pads 15 may either include bypass conductor 40, or not
include bypass conductor 40. If bus bar 15 and contact pads
15 are absent, bypass conductor 40 may be arranged to bypass
cracks that form between the bypass conductor and the por-
tion of the front surface metallization pattern that 1s conduc-
tively bonded to the overlapping solar cell.

[0116] The front surface metallization patterns, including
bus bar or discrete contact pads 15, fingers 20, bypass con-
ductor 40 (i present), and end conductor 42 (1f present) may
be formed, for example, from silver paste conventionally used
for such purposes and deposited, for example, by conven-
tional screen printing methods. Alternatively, the front sur-
face metallization patterns may be formed from electroplated
copper. Any other suitable materials and processes may be
also used. In variations 1n which the front surface metalliza-
tion pattern 1s formed from silver, the use of discrete front
surface contact pads 13 rather than a continuous bus bar 15
along the edge of the cell reduces the amount of silver on the
solar cell, which may advantageously reduce cost. In varia-
tions 1 which the front surface metallization pattern 1s
formed from copper or from another conductor less expensive
than silver, a continuous bus 15 may be employed without a
cost disadvantage.

[0117] FIGS. 2D-2G, 3C, and 3E show example rear sur-
face metallization patterns for a solar cell. In these examples
the rear surface metallization patterns include discrete rear
surface contact pads 25 arranged along one of the long edges
of the rear surface of the solar cell and a metal contact 30
covering substantially all of the remaining rear surface of the
solar cell. In a shingled super cell, contact pads 235 are bonded
for example to a bus bar or to discrete contact pads arranged
along the edge of the upper surface of an adjacent overlapping
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solar cell to electrically connect the two solar cells 1n series.
For example, each discrete rear surface contact pad 25 may be
aligned with and bonded to a corresponding discrete front
surface contact pad 15 on the front surface of the overlapping
solar cell by electrically conductive bonding material applied
only to the discrete contact pads. Discrete contact pads 25
may be square (FIG. 2D) or have a rectangular shape elon-
gated parallel to the edge of the solar cell (FIGS. 2E-2G, 3C,
3E), for example. Contact pads 25 may have widths perpen-
dicular to the long side of the solar cell of about 1 mm to about
5> mm, for example, and lengths parallel to the long side of the
solar cell of about 1 mm to about 10 mm for example. The
spacing between contact pads 25 measured parallel to the
long side of the solar cell may be about 3 mm to about 30 mm,
for example.

[0118] Contact 30 may be formed, for example, from alu-
minum and/or electroplated copper. Formation of an alumi-
num back contact 30 typically provides a back surface field
that reduces back surface recombination in the solar cell and
thereby improves solar cell efficiency. IT contact 30 1s formed
from copper rather than aluminum, contact 30 may be used 1n
combination with another passivation scheme (e.g., alumi-
num oxide) to similarly reduce back surface recombination.
Discrete contact pads 25 may be formed, for example, from
silver paste. The use of discrete silver contact pads 25 rather
than a continuous silver contact pad along the edge of the cell
reduces the amount of silver in the rear surface metallization
pattern, which may advantageously reduce cost.

[0119] Further, 11 the solar cells rely on a back surface field
provided by formation of an aluminum contact to reduce back
surface recombination, the use of discrete silver contacts
rather than a continuous silver contact may improve solar cell
elliciency. This 1s because the silver rear surface contacts do
not provide a back surface field and therefore tend to promote
carrier recombination and produce dead (1inactive) volumes in
the solar cells above the silver contacts. In conventionally
ribbon-tabbed solar cell strings those dead volumes are typi-
cally shaded by ribbons and/or bus bars on the front surface of
the solar cell, and thus do not result in any extra loss of
eificiency. In the solar cells and super cells disclosed herein,
however, the volume of the solar cell above rear surface silver
contact pads 25 1s typically unshaded by any front surface
metallization, and any dead volumes resulting from use of
silver rear surface metallization reduce the etficiency of the
cell. The use of discrete silver contact pads 25 rather than a
continuous silver contact pad along the edge of the rear sur-
face of the solar cell thus reduces the volume of any corre-

sponding dead zones and increases the efficiency of the solar
cell.

[0120] In variations not relying on a back surface field to
reduce back surface recombination, the rear surface metalli-
zation pattern may employ a continuous bus bar 25 extending
the length of the solar cell rather than discrete contact pads 25,
as shown for example 1n FIG. 2R. Such a bus bar 25 may be
formed for example, from tin or silver.

[0121] Other variations of the rear surface metallization
patterns may employ discrete tin contact pads 235. Variations
of the rear surface metallization patterns may employ finger
contacts similar to those shown in the front surface metalli-
zation patterns of FIGS. 2A-2C and may lack contact pads
and a bus bar.

[0122] Although the particular example solar cells shown
in the figures are described as having particular combinations
of front and rear surface metallization patterns, more gener-
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ally any suitable combination of front and rear surface met-
allization patterns may be used. For example, one suitable
combination may employ a silver front surface metallization
pattern comprising discrete contact pads 135, fingers 20, and
an optional bypass conductor 40, and a rear surface metalli-
zation pattern comprising an aluminum contact 30 and dis-
crete silver contact pads 25. Another suitable combination
may employ a copper front surface metallization pattern com-
prising a continuous bus bar 15, fingers 20, and an optional
bypass conductor 40, and a rear surface metallization pattern
comprising a continuous bus bar 25 and a copper contact 30.

[0123] In the super cell manufacturing process (described
in more detail below) the electrically conductive bonding
material used to bond adjacent overlapping solar cells 1n a
super cell may be dispensed only onto (discrete or continu-
ous) contact pads at the edge of the front or rear surface of the
solar cell, and not onto the surrounding portions of the solar
cell. This reduces use of material and, as described above,
may reduce or accommodate stress arising from CTE mis-
match between the electrically conductive bonding material
and the solar cell. However, during or after deposition and
prior to curing, portions of the electrically conductive bond-
ing material may tend to spread beyond the contact pads and
onto surrounding portions of the solar cell. For example, a
binding resin portion of the electrically conductive bonding
material may be drawn off of a contact pad onto textured or
porous adjacent portions of the solar cell surface by capillary
forces. In addition, during the deposition process some of the
conductive bonding material may miss the contact pad and
instead be deposited on adjacent portions of the solar cell
surface, and possibly spread from there. This spreading and/
or maccurate deposition of the conductive bonding material
may weaken the bond between the overlapping solar cells and
may damage the portions of the solar cell onto which the
conductive bonding material has spread or been mistakenly
deposited. Such spreading of the electrically conductive
bonding material may be reduced or prevented, for example,
with a metallization pattern that forms a dam or barrier near or
around each contact pad to retain the electrically conductive
bonding material substantially 1n place.

[0124] As shown 1n FIGS. 2H-2K, for example, the front
surface metallization pattern may comprise discrete contact
pads 15, fingers 20, and barriers 17, with each barrier 17
surrounding a corresponding contact pad 15 and acting as a
dam to form a moat between the contact pad and the barrier.
Portions 19 of uncured conductive adhesive bonding material
18 that flow off of the contact pads, or that miss the contact
pads when dispensed onto the solar cell, may be confined by
barriers 17 to the moats. This prevents the conductive adhe-
stve bonding material from spreading turther from the contact
pads onto surrounding portions of the cell. Barriers 17 may be
formed from the same maternial as fingers 20 and contact pads
15 (e.g., silver), for example, may have heights of about 10
microns to about 40 microns, for example, and may have
widths of about 30 microns to about 100 microns, for
example. The moat formed between a barrier 17 and a contact
pad 15 may have a width of about 100 microns to about 2 mm,
for example. Although the illustrated examples comprise only
a single barrier 17 around each front contact pad 15, in other
variations two or more such barriers may be positioned con-
centrically, for example, around each contact pad. A front
surface contact pad and 1ts one or more surrounding barriers
may form a shape similar to a “bulls-eye” target, for example.
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As shown 1n FI1G. 2H, for example, barriers 17 may 1ntercon-
nect with fingers 20 and with the thin conductors 1ntercon-
necting contact pads 15.

[0125] Similarly, as shown 1n FIGS. 2L-2N, for example,

the rear surface metallization pattern may comprise (e.g.,
silver) discrete rear contact pads 25, (e.g., aluminum) contact
30 covering substantially all of the remaining rear surface of
the solar cell, and (e.g., silver) barriers 27, with each barrier
277 surrounding a corresponding rear contact pad 25 and act-
ing as a dam to form a moat between the contact pad and the
barrier. A portion of contact 30 may {ill the moat, as illus-
trated. Portions of uncured conductive adhesive bonding
material that tlow off of contact pads 25, or that miss the
contact pads when dispensed onto the solar cell, may be
confined by barriers 27 to the moats. This prevents the con-
ductive adhesive bonding material from spreading further
from the contact pads onto surrounding portions of the cell.
Barriers 27 may have heights of about 10 microns to about 40
microns, for example, and may have widths of about 50
microns to about 500 microns, for example. The moat formed
between a barrier 27 and a contact pad 25 may have a width of
about 100 microns to about 2 mm, for example. Although the
illustrated examples comprise only a single barrier 27 around
cach rear surface contact pad 25, in other variations two or
more such barriers may be positioned concentrically, for
example, around each contact pad. A rear surface contact pad
and 1ts one or more surrounding barriers may form a shape
similar to a “bulls-eye” target, for example.

[0126] A continuous bus bar or contact pad running sub-
stantially the length of the edge of a solar cell may also be
surrounded by a barrier that prevents spreading of the con-
ductive adhesive bonding material. For example, FIG. 20
shows such a barrier 27 surrounding a rear surface bus bar 25.
A Tront surface bus bar (e.g., bus bar 15 1n FIG. 2A) may be
similarly surrounded by a barrier. Stmilarly, a row of front or
rear surface contact pads may be surrounded as a group by
such a barrier, rather than individually surrounded by separate
barriers.

[0127] Rather than surrounding a bus bar or one or more
contact pads as just described, a feature of the front or rear
surface metallization pattern may form a barrier running sub-
stantially the length of the solar cell parallel to the overlapped
edge of the solar cell, with the bus bar or contact pads posi-
tioned between the barrier and the edge of the solar cell. Such
a barrier may do double duty as a bypass conductor (described
above). For example, in FIG. 2R bypass conductor 40 pro-
vides a barrier that tends to prevent uncured conductive adhe-
stve bonding material on contact pads 15 from spreading onto
the active area of the front surface of the solar cell. A similar
arrangement may be used for rear surface metallization pat-
terns.

[0128] Barriers to the spread of conductive adhesive bond-
ing material may be spaced apart from contact pads or bus
bars to form a moat as just described, but this 1s not required.
Such barriers may instead abut a contact pad or bus bar, as
shown 1n FIG. 20 or 2P for example. In such variations the
barrier 1s preferably taller than the contact pad or bus bar, to
retain the uncured conductive adhesive bonding material on
the contact pad or bus bar. Although FIGS. 20 and 2P show
portions of a front surface metallization pattern, similar
arrangements may be used for rear surface metallization pat-
terns.

[0129] Barriers to the spread of conductive adhesive bond-
ing material and/or moats between such barriers and contact
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pads or bus bars, and any conductive adhesive bonding mate-
rial that has spread into such moats, may optionally lie within
the region of the solar cell surface overlapped by the adjacent
solar cell 1n the super cell, and thus be idden from view and
shielded from exposure to solar radiation.

[0130] Alternatively or 1n addition to the use of barriers as
just described, the electrically conductive bonding material
may be deposited using a mask or by any other suitable
method (e.g., screen printing) allowing accurate deposition
and thus requiring reduced amounts of electrically conductive
bonding material that are less likely to spread beyond the
contact pads or miss the contact pads during deposition.
[0131] More generally, solar cells 10 may employ any suit-
able front and rear surface metallization patterns.

[0132] FIG. 4A shows a portion of the front surface of an
example rectangular super cell 100 comprising solar cells 10
as shown 1n FIG. 2A arranged 1n a shingled manner as shown
in FIG. 1. As a result of the shingling geometry, there 1s no
physical gap between pairs of solar cells 10. In addition,
although bus bar 15 of the solar cell 10 at one end of super cell
100 1s visible, the bus bars (or front surface contact pads) of
the other solar cells are hidden beneath overlapping portions
of adjacent solar cells. As a consequence, super cell 100
ciliciently uses the area it takes up 1n a solar module. In
particular, a larger portion of that area 1s available to produce
clectricity than 1s the case for conventionally tabbed solar cell
arrangements and solar cell arrangements including numer-
ous visible bus bars on the i1lluminated surface of the solar
cells. FIGS. 4B-4C show front and rear views, respectively, of
another example sup