
US 20140124014A1 

(19) United States 
(12) Patent Application Publication (10) Pub. N0.2 US 2014/0124014 A1 

MORAD et al. (43) Pub. Date: May 8, 2014 

(54) HIGH EFFICIENCY CONFIGURATION FOR (60) Provisional application No. 61/734,239, ?led on Dec. 
SOLAR CELL STRING 6, 2012. 

(71) Applicant: COGENRA SOLAR, INC., _ _ _ _ 
PllbllcathIl Classi?cation 

(72) Inventors: Ratson MORAD, Palo Alto, CA (US); (51) Int“ Cl“ 
Nathan P. Beckett, Oakland, CA (US); H01L 31/05 (200601) 
John Anthony GANNON, P2110 Alto, H01L 31/18 (2006-01) 
CA (US); Gilad ALMOGY, P2110 Alto, (52) U-S- Cl 
CA (Us) CPC .......... .. H01L 31/0516 (2013.01); H01L 31/18 

(2013.01) 
(73) Assignee: COGENRA SOLAR, INC, USPC ......... .. 136/246; 136/244; 136/256; 136/251; 

MOUNTAIN VIEW, CA (US) 438/66 

(21) Appl. No.: 13/801,432 
(57) ABSTRACT 

(22) Filed: Mar. 13, 2013 

Related US. Application Data A ef?01ency con?guratlon for a string of solar cells 
comprises series-connected solar cells arranged 1n an over 

(63) Continuation-in-part of application No. 13/672,386, lapping shingle pattern. Front and back surface metallization 
?led on Nov. 8, 2012. patterns may provide further increases in ef?ciency. 



Patent Application Publication May 8, 2014 Sheet 1 0f 11 US 2014/0124014 A1 

42 20 40 15 
“k T 



Patent Application Publication 

m N 

24 

22 

May 8, 2014 Sheet 2 0f 11 

25 

28 

25 

US 2014/0124014 A1 

732 
34 

/ 

\ i 

f 10 

a,» 26 

22 // W7 32 
V. 

@- - 28 

2441 I“? 



Patent Application Publication May 8, 2014 Sheet 3 0f 11 US 2014/0124014 A1 

MIG JFG / 

Wm / 

45 

[10 [/40 /,m [10 [10 /1Q £18 /-m 



Patent Application Publication May 8, 2014 Sheet 4 0f 11 US 2014/0124014 A1 



Patent Application Publication May 8, 2014 Sheet 5 0f 11 US 2014/0124014 A1 

80 Y5 75 Y5 
70 

65) 
/ £0) ’50) 70-) 7Q) 10/] 

j 15 

J 10/) 10/} 10/)70 
50”] 

' J 

70 / 15M 10 
15 K 



Patent Application Publication May 8, 2014 Sheet 6 0f 11 US 2014/0124014 A1 

LW 1 



Patent Application Publication 

Ceii 

Ceii 

Ceii 

M y 8, 2014 Sheet 7 0f 11 

Ceii Ceii 

Ceii 

(3953 C655 

US 2014/0124014 A1 



Patent Application Publication May 8, 2014 Sheet 8 0f 11 US 2014/0124014 A1 

5’0 E W) 96 T 
1% 
7: 



Patent Application Publication May 8, 2014 Sheet 9 0f 11 US 2014/0124014 A1 

10 10 10 10 1Q Z 

N f (9% rggf (WK KW 

\ \ 
g $3 53 K3 

2 

$3 

E 
\i 

l Q/ L3 L3 Xian ‘“ 
90 U} N N N 



US 2014/0124014 A1 May 8, 2014 Sheet 10 0f 11 Patent Application Publication 

90 J/ 98 J/ 95/ 



Patent Application Publication May 8, 2014 Sheet 11 0f 11 US 2014/0124014 A1 



US 2014/0124014 A1 

HIGH EFFICIENCY CONFIGURATION FOR 
SOLAR CELL STRING 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application is a continuation-in-part of US. 
patent application Ser. No. 13/672,386 ?led Nov. 8, 2012 and 
titled “High Ef?ciency Con?guration For Solar Cell String”, 
and also claims bene?t of priority to US. Provisional Appli 
cation No. 61/734,239 ?led Dec. 6, 2012 and also titled “High 
Ef?ciency Con?guration For Solar Cell String”, each of 
which is incorporated herein by reference in its entirety. 

FIELD OF THE INVENTION 

[0002] The invention relates generally to solar cells and to 
their use in concentrating solar energy collectors. 

BACKGROUND 

[0003] Alternate sources of energy are needed to satisfy 
ever increasing world-wide energy demands. Solar energy 
resources are suf?cient in many geographical regions to sat 
isfy such demands, in part, by provision of electric power 
generated with solar (e.g., photovoltaic) cells. 

SUMMARY 

[0004] High ef?ciency arrangements of solar cells are dis 
closed herein. Solar cells and strings of solar cells as dis 
closed herein may be particularly valuable in concentrating 
photovoltaic systems, in which mirrors or lenses concentrate 
sunlight onto a photovoltaic cell to light intensities greater 
than one “sun.” 

[0005] In one aspect, a solar cell comprises a silicon semi 
conductor diode structure having rectangular or substantially 
rectangular front and back surfaces that have shapes de?ned 
by ?rst and second oppositely positioned long sides of the 
solar cell and two oppositely positioned short sides of the 
solar cell. In operation, the front surface is to be illuminated 
by light. The solar cell comprises an electrically conducting 
front surface metallization pattern disposed on the front sur 
face. This metallization pattern includes a plurality of ?ngers 
running parallel to the short sides of the solar cell for substan 
tially the length of the short sides. An electrically conducting 
back surface metallization pattern is disposed on the back 
surface. 
[0006] In some variations, the front surface metallization 
pattern does not include any bus bar interconnecting the ?n 
gers to collect current from the front surface of the solar cell. 
In such variations, the back surface metallization pattern may 
lack any contact pad conventionally prepared for solder con 
nections to the solar cell. Alternatively, the back surface met 
allization pattern may include, for example, a contact pad 
positioned adjacent to and running parallel to a long side of 
the solar cell for substantially the length of the long side, or 
two or more discrete contact pads positioned adjacent to and 
arranged parallel to the long side. 
[0007] In some variations, the front surface metallization 
pattern comprises only a single bus bar, which is positioned 
adjacent to and runs parallel to the ?rst long side for substan 
tially the length of the ?rst long side. The ?ngers of the front 
metallization pattern are attached to and interconnected by 
the bus bar. In such variations, the back surface metallization 
pattern may lack any contact pad. Alternatively, the back 
surface metallization pattern may include, for example, a 
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contact pad positioned adjacent to and running parallel to the 
second long side for substantially the length of the second 
long side, or two or more discrete contact pads positioned 
adjacent to and arranged parallel to the second long side. 
These contact pads may have widths measured perpendicular 
to the long sides that approximately match the width of the 
bus bar, for example. In any of these variations the front 
surface metallization pattern may include a bypass conductor 
that has a width perpendicular to its long axis narrower than 
the width of the bus bar and that interconnects two or more 
?ngers to provide multiple current paths from each of the two 
or more interconnected ?ngers to the bus bar. The bypass 
conductor may be positioned adjacent to and run parallel to 
the bus bar, for example. 

[0008] In some variations, the front surface metallization 
pattern comprises two or more discrete contact pads posi 
tioned adjacent to the ?rst long side. Each of the ?ngers of the 
front metallization pattern is attached and electrically con 
nected to at least one of the contact pads. In such variations, 
the back surface metallization pattern may lack any contact 
pad. Alternatively, the back surface metallization pattern may 
include, for example, a contact pad positioned adjacent to and 
running parallel to the second long side for substantially the 
length of the second long side, or two or more discrete contact 
pads positioned adjacent to and arranged parallel to the sec 
ond long side. These contact pads may have widths measured 
perpendicular to the long sides that approximately match the 
width of the contact pads in the front surface metallization 
pattern, for example. In any of these variations the front 
surface metallization pattern may include a bypass conductor 
that has a width perpendicular to its long axis narrower than 
the widths of the front surface metallization contact pads and 
that interconnects two or more ?ngers to provide multiple 
current paths from each of the two or more interconnected 
?ngers to one or more of the contact pads. 

[0009] In any of the above variations, the solar cell may 
comprise any suitable silicon semiconductor diode structure. 
For example, the solar cell may comprise a heterojunction 
with intrinsic thin layer (HIT) structure. 

[0010] In any of the above variations, the ratio of the length 
of a long side of the solar cell to the length of a short side of 
the solar cell may be greater than or equal to about three, for 
example. 
[0011] A concentrating solar energy collector may com 
prise the solar cell of any of the above variations and one or 
more optical elements arranged to concentrate solar radiation 
onto the solar cell. 

[0012] In another aspect, a string of solar cells comprises at 
least a ?rst silicon solar cell and a second silicon solar cell. 
The ?rst silicon solar cell comprises a front surface to be 
illuminated by light, a back surface, and an electrically con 
ducting front surface metallization pattern disposed on the 
front surface. The second silicon solar cell comprises a front 
surface to be illuminated by light, a back surface, and an 
electrically conductive back surface metallization pattern dis 
posed on the back surface. The ?rst and second silicon solar 
cells are positioned with an edge of the back surface of the 
second silicon solar cell overlapping an edge of the front 
surface of the ?rst silicon solar cell. A portion of the front 
surface metallization pattern of the ?rst silicon solar cell is 
hidden by the second silicon solar cell andbonded to a portion 
of the back surface metallization pattern of the second silicon 
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solar cell with an electrically conductive bonding material to 
electrically connect the ?rst and second silicon solar cells in 
series. 
[0013] Either or both of the ?rst and second silicon solar 
cells may be, for example, any of the variations of the silicon 
solar cell summarized above. In such variations, the overlap 
ping edges of the silicon solar cells may be de?ned by long 
sides of the solar cells, for example, and the edges may be 
arranged parallel to each other. If the front surface metalliza 
tion pattern of the ?rst silicon solar cell includes a bypass 
conductor, the bypass conductor may either be hidden, or not 
hidden, by the second silicon solar cell. 
[0014] The ?rst and second silicon solar cells may be 
bonded to each other at the overlapping portions of the solar 
cells with an electrically conductive solder. As an alternative 
to solder, the solar cells may instead be bonded to each other 
with, for example, an electrically conductive ?lm, an electri 
cally conductive paste, an electrically conductive epoxy (e.g., 
an electrically conductive silver-?lled epoxy), an electrically 
conductive tape, or another suitable electrically conductive 
adhesive. These alternatives to solder may be selected, for 
example, to provide more mechanical compliance than would 
be provided by an electrically conductive solder bond. The 
electrically conductive bonding material bonding the solar 
cells to each other may also interconnect ?ngers of the front 
surface metallization pattern to perform the current collecting 
function of a bus bar. The front surface metallization pattern 
on the solar cells may thus lack any such bus bar. 

[0015] A concentrating solar energy collector may com 
prise the string of solar cells of any of the above variations and 
one or more optical elements arranged to concentrate solar 
radiation onto the string. 
[0016] In another aspect, a solar energy receiver comprises 
a metal substrate and a series-connected string of two or more 
solar cells disposed on the metal substrate with ends of adja 
cent solar cells overlapping in a shingle pattern. Adjacent 
overlapping pairs of solar cells may be electrically connected 
in a region where they overlap by an electrically conducting 
bond between the front surface of one of the solar cells and the 
back surface of the other solar cell. The electrically conduct 
ing bond may be between a metallization pattern on the front 
surface of one solar cell and a metallization pattern on the 
back surface of the other solar cell, for example. The solar 
cells may be, for example, silicon solar cells, including any of 
the variations of the silicon solar cells summarized above or 
any of the variations of the back-contact silicon solar cells 
described below, or solar cells similarly con?gured to any of 
those variations but utilizing another material system other 
than or in addition to silicon. The electrically conducting 
bond between the solar cells may be formed, for example, by 
any of the methods summarized above. The solar cells may be 
disposed in a lamination stack that adheres to the metal sub 
strate, for example. 
[0017] In some variations, the metal substrate is linearly 
elongated, each of the solar cells is linearly elongated, and the 
string of solar cells is arranged in a row along a long axis of 
the metal substrate with long axes of the solar cells oriented 
perpendicular to the long axis of the metal substrate. This row 
of solar cells may be the only row of solar cells on the 
substrate. 
[0018] In some variations, the series-connected string of 
solar cells is a ?rst string of solar cells, and the solar energy 
receiver comprises a second series-connected string of two or 
more solar cells arranged with ends of adjacent solar cells 
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overlapping in a shingle pattern. The second string of solar 
cells is also disposed on the metal substrate. A mechanically 
compliant electrical interconnect may electrically couple the 
back surface of a solar cell at an end of the ?rst string of solar 
cells to the front surface of a solar cell at an end of the second 
string of solar cells. The interconnection may be between a 
metallization pattern on the front surface of one solar cell and 
a metallization pattern on the back surface of the other solar 
cell, for example. The solar cell at the end of the ?rst string of 
solar cells may overlap the solar cell at the end of the second 
string of solar cells and hide the mechanically compliant 
electrical interconnect from view from the front (illuminated) 
surface side of the solar cells. In such variations, the metal 
substrate may be linearly elongated, each of the solar cells 
may be linearly elongated, and the ?rst and second strings of 
solar cells may be arranged in line in a row along a long axis 
of the metal substrate with long axes of the solar cells oriented 
perpendicularly to the long axis of the metal substrate. 
[0019] A concentrating solar energy collector may com 
prise the solar energy receiver of any of the above variations 
and one or more optical elements arranged to concentrate 
solar radiation onto the receiver. 

[0020] In another aspect, a string of solar cells comprises a 
?rst group of solar cells arranged with ends of adjacent solar 
cells overlapping in a shingle pattern and connected in series 
by electrical connections between solar cells made in the 
overlapping regions of adj acent solar cells, a second group of 
solar cells arranged with ends of adjacent solar cells overlap 
ping in a shingle pattern and connected in series by electrical 
connections between solar cells made in the overlapping 
regions of adjacent solar cells, and a mechanically compliant 
electrical interconnect electrically coupling the ?rst group of 
solar cells to the second group of solar cells in series. The 
mechanically compliant electrical interconnect may electri 
cally couple the back surface of a solar cell at an end of the 
?rst group of solar cells to a front surface of a solar cell at an 
end of the second group of solar cells, for example. The 
interconnection may be between a metallization pattern on 
the front surface of one solar cell and a metallization pattern 
on the back surface of the other solar cell, for example. The 
mechanically compliant electrical interconnect may be 
bonded to the solar cells with electrically conducting bonds 
made by any of the methods summarized above, for example. 
[0021] The solar cells may be, for example, silicon solar 
cells, including any of the variations of the silicon solar cells 
summarized above or any of the variations of the back-contact 
silicon solar cells described below, or solar cells similarly 
con?gured to any of those variations but utilizing another 
material system other than or in addition to silicon. The elec 
trical connections between overlapping solar cells may be 
made, for example, with electrically conducting bonds made 
by any of the methods summarized above. 
[0022] The ?rst and second groups of solar cells may be 
arranged in line in a single row. In such variations, a gap 
between the two groups of solar cells where they are inter 
connected by the mechanically compliant electrical intercon 
nect may have a width less than or equal to about ?ve milli 
meters, for example. Also in such variations, the 
mechanically compliant electrical interconnect may com 
prise a metal ribbon oriented perpendicularly to a long axis of 
the row of solar cells and electrically coupled to a back 
surface on a solar cell at an end of the ?rst group of solar cells 
and to a front surface on a solar cell at an end of the second 
group of solar cells. 



US 2014/0124014A1 

[0023] The mechanically compliant electrical interconnect 
in any of the above variations may comprise a metal ribbon 
patterned with slits or openings, for example, to increase its 
mechanical compliance. 
[0024] In any of the above variations, the solar cell at the 
end of the ?rst group of solar cells may overlap the solar cell 
at the end of the second group of solar cells and hide the 
mechanically compliant electrical interconnect from view 
from the front surface side of the string of solar cells. 
[0025] A concentrating solar energy collector may com 
prise the string of solar cells of any of the above variations and 
one or more optical elements arranged to concentrate solar 
radiation onto the string. 
[0026] In another aspect, a string of solar cells comprises at 
least a ?rst solar cell and a second solar cell. The ?rst solar cell 
comprises a front surface to be illuminated by light, a back 
surface, and (optionally) an electrically conducting front sur 
face metallization pattern disposed on the front surface. The 
second solar cell comprises a front surface to be illuminated 
by light, a back surface, and an electrically conductive back 
surface metallization pattern disposed on the back surface. 
The string of solar cells also comprises at least a ?rst 
mechanically compliant electrical interconnect. The ?rst and 
second solar cells are positioned with an edge of the back 
surface of the second solar cell overlapping an edge of the 
front surface of the ?rst solar cell. The mechanically compli 
ant electrical interconnect is bonded to a portion of the front 
surface of the ?rst solar cell that is hidden by the second solar 
cell and bonded to a portion of the back surface of the second 
solar cell to electrically connect the ?rst and second solar cells 
in series. In this arrangement the second solar cell hides the 
mechanically compliant electrical interconnect from view 
from the front surface side of the ?rst solar cell. The inter 
connection may be between a metallization pattern on the 
front surface of one solar cell and a metallization pattern on 
the back surface of the other solar cell, for example. 
[0027] Either or both of the ?rst and second solar cells may 
be, for example, any of the variations of the silicon solar cells 
summarized above or any of the variations of the back-contact 
silicon solar cells described below, or solar cells similarly 
con?gured to any of those variations but utilizing another 
material system other than or in addition to silicon. In such 
variations, the overlapping edges of the solar cells may be 
de?ned by long sides of the solar cells, for example, and the 
edges may be arranged parallel to each other. If the ?rst solar 
cell comprises a front surface metallization pattern that 
includes a bypass conductor, the bypass conductor may either 
be hidden, or not hidden, by the second solar cell. 
[0028] The mechanically compliant electrical interconnect 
may be bonded to the solar cells with electrically conducting 
bonds made by any of the methods summarized above, for 
example. The electrically conductive bonds may interconnect 
?ngers of a front surface metallization pattern on the ?rst 
solar cell, if present, to perform the current collecting func 
tion of a bus bar. A front surface metallization pattern on the 
solar cell may thus lack any such bus bar. 
[0029] The mechanically compliant electrical interconnect 
may comprise, for example, a ?at metal ribbon, a bent metal 
ribbon, or a metal ribbon bent to form a loop. The mechani 
cally compliant electrical interconnect may comprise a metal 
ribbon patterned to increase its mechanical compliance. 
[0030] The string of solar cells may comprise a second 
mechanically compliant electrical interconnect and a third 
solar cell having a front surface to be illuminated by light, a 
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back surface, and an electrically conducting back surface 
metallization pattern disposed on the back surface. The sec 
ond and third solar cells are positioned with an edge of the 
back surface of the third solar cell overlapping an edge of the 
front surface of the second silicon solar cell. The mechani 
cally compliant electrical interconnect is bonded to a portion 
of the front surface of the second solar cell that is hidden by 
the third solar cell and bonded to a portion of the back surface 
of the third solar cell to electrically connect the second and 
third solar cells in series. The interconnection may be 
between a metallization pattern on the front surface of the 
second solar cell and a metallization pattern on the back 
surface of the third solar cell, for example. The mechanically 
compliant electrical interconnect may be bonded to the solar 
cells with electrically conducting bonds made by any of the 
methods summarized above, for example. The electrically 
conductive bonds may interconnect ?ngers of a front surface 
metallization pattern of the second solar cell to perform the 
current collecting function of a bus bar. A front surface met 
allization pattern on the solar cell may thus lack any such bus 
bar. 
[0031] A concentrating solar energy collector may com 
prise the string of solar cells of any of the above variations and 
one or more optical elements arranged to concentrate solar 
radiation onto the string. 
[0032] In another aspect, a solar energy receiver comprises 
a substrate, a thermally conductive encapsulant layer adher 
ing to the substrate, a string of solar cells disposed on the 
thermally conductive encapsulant layer, a clear encapsulant 
layer disposed on the string of solar cells, and a clear top sheet 
disposed on the clear encapsulant layer. The thermally con 
ductive encapsulant layer comprises pigments. The solar cells 
may be, for example, any of the variations of the silicon solar 
cells summarized above or any of the variations of the back 
contact silicon solar cells described below, or solar cells simi 
larly con?gured to any of those variations but utilizing 
another material system other than or in addition to silicon. 
[0033] The thermally conductive encapsulant layer may 
re?ect a substantial portion of solar radiation incident on it. In 
such variations, the thermally conductive encapsulant layer 
may be white, for example. Further, in such variations the 
solar cells may be HIT solar cells, with the re?ective encap 
sulant layer arranged to re?ect toward the HIT cell solar 
radiation that passed unabsorbed through the HIT cell to the 
re?ective layer. Alternatively, the thermally conductive 
encapsulant layer may absorb a substantial portion of solar 
radiation incident on it. In such variations, the thermally 
conductive encapsulant layer may be black, for example. The 
clear top sheet may have a moisture transmission rate of less 
than or equal to about 0.01 grams per meter-day, for example. 
The string of solar cells may comprise a plurality of solar cells 
arranged with ends of adjacent solar cells overlapping in a 
shingle pattern. 
[0034] A concentrating solar energy collector may com 
prise the solar energy receiver of any of the above variations 
and one or more optical elements arranged to concentrate 
solar radiation onto the receiver. 

[0035] In another aspect, a back-contact silicon solar cell 
comprises a front surface to be illuminated by light, a back 
surface, one or more n-contacts on the back surface that 
electrically contact an n-conductivity type side of a silicon 
diode junction, one or more p-contacts on the back surface 
that electrically contact a p-conductivity type side of the 
silicon diode junction, and one or more electrically conduct 
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ing vias. The electrically conducting vias pass through the 
solar cell from the back surface to the front surface to provide 
near an edge of the front surface one or more electrical con 
nections to either the p-contacts or the n-contacts. 

[0036] The front and back surfaces may have correspond 
ing rectangular or substantially rectangular shapes de?ned by 
two oppositely positioned long sides and two oppositely posi 
tioned short sides, with upper ends of the vias arranged along 
a long side of the front surface. In some such variations, the 
n-contacts comprise a plurality of n-?ngers arranged side-by 
side and running parallel to the short sides of the back surface, 
the p-contacts comprise a plurality of p-?ngers arranged side 
by-side and running parallel to the short sides of the back 
surface, and the n-?ngers and the p-?ngers are interdigitated. 
In other variations, the n-contacts comprise a plurality of 
n-?ngers arranged side-by-side and running parallel to each 
other at an angle to the short sides of the back surface such that 
opposite ends of each n-?nger are offset in a direction parallel 
to the long sides by a distance equal to a pitch distance 
between n-?ngers, the p-contacts comprise a plurality of 
p-?ngers arranged side-by-side and running parallel to each 
other at an angle to the short sides of the back surface such that 
opposite ends of each p-?nger are offset in a direction parallel 
to the long sides by a distance equal to a pitch distance 
between p-?ngers, and the n-?ngers and the p-?ngers are 
interdigitated. 
[0037] In other variations, upper ends of the vias may be 
arranged along a short side of the front surface, and the 
n-?ngers and p-?ngers may be similarly con?gured to as 
summarized above except for running parallel to, or at an 
angle to, the long sides of the back surface. In yet other 
variations the back-contact solar cell may be substantially 
square, with vias and ?ngers arranged similarly to as summa 
rized above and running parallel to or at an angle to one pair 
of sides ofthe solar cell. 

[0038] In any of the above variations, the back contact solar 
cell may comprise a bus bar or a plurality of contact pads on 
the front surface that electrically interconnect upper ends of 
the vias. 

[0039] A concentrating solar energy collector may com 
prise the back-contact solar cell of any of the above variations 
and one or more optical elements arranged to concentrate 
solar radiation onto the solar cell. 

[0040] In another aspect, a string of solar cells comprises a 
?rst back-contact silicon solar cell comprising a front surface 
to be illuminated by light, a back surface, one or more n-con 
tacts on the back surface that electrically contact an n-con 
ductivity type side of a diode junction, one or more p-contacts 
on the back surface that electrically contact a p-conductivity 
type side of the diode junction, and a second back-contact 
silicon solar cell comprising a front surface to be illuminated 
by light, a back surface, one or more n-contacts on the back 
surface that electrically contact an n-conductivity type side of 
a diode junction, and one or more p-contacts on the back 
surface that electrically contact a p-conductivity type side of 
the diode junction. The ?rst and second back-contact silicon 
solar cells are positioned with an edge of the back surface of 
the second back-contact silicon solar cell overlapping an edge 
of the front surface of the ?rst back-contact silicon solar cell 
and electrically connected in series. 

[0041] The back-contact silicon solar cells may be, for 
example, any of the variations of back-contact silicon solar 
cells summarized above. 
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[0042] In some variations, the ?rst back-contact silicon 
solar cell comprises one or more electrically conducting vias 
that pass through the solar cell from its back surface to its 
front surface to electrically interconnect either the p-contacts 
or the n-contacts of the ?rst back-contact silicon solar cell to 
contacts of opposite polarity on the back surface of the second 
back-contact silicon solar cell. Upper ends of the conducting 
vias may be located, for example, in a region of the front 
surface of the ?rst back-contact silicon solar cell that is over 
lapped by the second back-contact silicon solar cell. The 
conducting vias may be electrically connected to the contacts 
on the back surface of the second silicon solar cell by one or 
more electrically conductive bonds between the front surface 
of the ?rst back-contact silicon solar cell and the back surface 
of the second back-contact silicon solar cell. The electrically 
conductive bonds may be made by any of the methods sum 
marized above, for example. The ?rst back-contact silicon 
solar cell may optionally comprise a bus bar or a plurality of 
contact pads on its front surface that electrically interconnect 
upper ends of the vias to each other, and that are electrically 
connected to the contacts on the back surface of the second 
back-contact silicon solar cell by the one or more electrically 
conductive bonds. 

[0043] In other variations, a mechanically compliant elec 
trical interconnect electrically connects either the p-contacts 
or the n-contacts on the back surface of the ?rst back-contact 
silicon solar cell to electrical contacts of opposite polarity on 
the back surface of the second back-contact silicon solar cell. 
The mechanically compliant electrical interconnect may be 
bonded to the solar cells with electrically conducting bonds 
made by any of the methods summarized above, for example. 

[0044] A concentrating solar energy collector may com 
prising the string of solar cells of any of the variations 
described above and one or more optical elements arranged to 
concentrate solar radiation onto the solar cell. 

[0045] In another aspect, a solar energy receiver comprises 
a substrate, and a series-connected string of two or more solar 
cells disposed on the substrate with ends of adjacent solar 
cells overlapping in a shingle pattern. The linear coef?cient of 
thermal expansion of the solar cells differs from that of the 
substrate by greater than or equal to about 5><IO_6, or by 
greater than or equal to about lO><lO_6, or by greater than or 
equal to about 15><IO_6, or by greater than or equal to about 
20x 1 0—6. 

[0046] The solar cells may be silicon solar cells, for 
example. The solar cells may be, for example, any of the 
variations of silicon solar cells summarized above, including 
variations of HIT and back-contact silicon solar cells, or solar 
cells similarly con?gured to any of those variations but uti 
lizing another material system other than or in addition to 
silicon. 

[0047] Adjacent overlapping pairs of solar cells in the 
string may be electrically connected in series in a region 
where they overlap by an electrically conducting bond 
between a front surface of one of the solar cells and a back 
surface of the other solar cell. Such electrically conducting 
bonds may be formed by any of the methods summarized 
above, for example. Alternatively, adjacent overlapping pairs 
of solar cells may be electrically connected in series in a 
region where they overlap by a mechanically compliant elec 
trical interconnect between a front surface of one of the solar 
cells and a back surface of the other solar cell. The mechani 
cally compliant electrical interconnects may be bonded to the 
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solar cells with electrically conducting bonds made by any of 
the methods summarized above, for example. 
[0048] The substrate may be a metal substrate, for example. 
The substrate may be an aluminum substrate, for example. 
[0049] In some variations, the metal substrate is linearly 
elongated, each of the solar cells is linearly elongated, and the 
string of solar cells is arranged in a row along a long axis of 
the substrate with long axes of the solar cells oriented per 
pendicular to the long axis of the substrate. In such variations 
the string of solar cells may be a ?rst string of solar cells, and 
the solar energy receiver may also comprise a second series 
connected string of two or more solar cells disposed on the 
substrate with ends of adjacent solar cells overlapping in a 
shingle pattern, and a mechanically compliant electrical inter 
connect that electrically connects the ?rst and second strings 
in series. The linear coe?icient of thermal expansion of solar 
cells in the second string may also differ from that of the 
substrate by greater than or equal to about 5x10_6, or by 
greater than or equal to about 10><10_6, or by greater than or 
equal to about 15><10_6, or by greater than or equal to about 
20><100_6. The second string may be positioned in line with 
the ?rst string. Overlapping pairs of solar cells in the second 
string may be bonded to each other or otherwise intercon 
nected as summarized above for the ?rst string, for example. 
[0050] A concentrating solar energy collector may com 
prise the solar energy receiver of any of the variations sum 
marized above and one or more optical elements arranged to 
concentrate solar radiation onto the receiver. 

[0051] In another aspect, a method of laminating solar cells 
to a substrate comprises arranging a plurality of solar cells to 
form a series-connected string of solar cells with ends of 
adjacent solar cells overlapping in a shingle pattern, dispos 
ing the string of solar cells in a stack of layers on the substrate, 
and applying a pressure not greater than about 0.6 atmo 
spheres to force the stack of layers and the substrate together. 
The pressure may be, for example, less than or equal to about 
0.4 atmospheres. The pressure may be, for example, between 
about 0.2 and about 0.6 atmospheres. The method may com 
prise heating the substrate, the stack of layers, or the substrate 
and the stack of layers to a temperature of between about 1300 
C. and about 160° C. while applying the pressure. This 
method may be used with any of the variations of solar cells, 
and any of the variations of series-connected strings of over 
lapping solar cells, summarized above. 
[0052] In another aspect, a method of preparing a string of 
solar cells comprises arranging a plurality of solar cells with 
ends of adjacent solar cells overlapping in a shingled manner 
and with an uncured electrically conductive epoxy disposed 
between overlapped portions of adjacent solar cells in loca 
tions selected to series-connect the solar cells. The method 
also comprises applying a pressure to force overlapping ends 
of the solar cells against each other while elevating a tem 
perature of the solar cells to cure the electrically conductive 
epoxy to form electrically conductive bonds between the 
solar cells. In some variations, after the electrically conduc 
tive epoxy is cured, the string of solar cells is disposed in a 
stack of layers on a substrate that is then laminated to the 
substrate. In other variations, the string of solar cells is dis 
posed in a stack of layers on a substrate before the electrically 
conductive epoxy is cured. The stack is then laminated to the 
substrate. The electrically conductive epoxy is cured (under 
pressure) during the lamination process. This method may be 
used with any of the variations of solar cells summarized 
above. 
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[0053] In any of the strings of overlapping solar cells sum 
marized above, the amount of overlap between adjacent solar 
cells may vary along the string so that the size of the area of 
the front surface of each solar cell that is not overlapped by an 
adjacent solar cell varies through the string in a manner that 
matches the electrical performance of the solar cells. For 
example, the different sizes of illuminated (i.e., not over 
lapped) area for each solar cell may be selected to compensate 
for inherent performance differences between the cells to 
thereby match the current output by each cell when under 
equal illumination. 
[0054] Any of the strings of overlapping solar cells sum 
marized above may be positioned for operation in a solar 
energy collector with the string oriented so that for each solar 
cell that has a portion of its front surface overlapped by 
another solar cell, the overlapped front surface portion is 
closer to the earth’s equator than is the uncovered front sur 
face portion. With the string in this orientation, exposed edges 
of the upper overlapping solar cells are oriented away from 
the earth’s equator. 
[0055] Any of the variations of silicon solar cells summa 
rized above may be formed from or comprise, for example, 
mono-crystalline or poly-crystalline silicon. 
[0056] These and other embodiments, features and advan 
tages of the present invention will become more apparent to 
those skilled in the art when taken with reference to the 
following more detailed description of the invention in con 
junction with the accompanying drawings that are ?rst brie?y 
described. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0057] FIG. 1A shows a schematic diagram of an example 
front surface metallization pattern for a solar cell. 

[0058] FIG. 1B shows a schematic diagram of an example 
back surface metallization pattern that may be used, for 
example, for a solar cell having the front surface metallization 
pattern of FIG. 1A. 

[0059] FIG. 1C shows a schematic diagram of an example 
back surface metallization pattern for a back contact solar cell 
in which contacts to both sides of the diode junction are made 
on the back surface and in which vias pass through the cell 
from the back surface to the front surface to provide electrical 
connection at an edge of the front surface to one side of the 
diode junction. 
[0060] FIG. 1D shows an example front surface metalliza 
tion pattern for a back contact solar cell in which vias pass 
through the cell from the back surface to the front surface to 
provide electrical connections from one side of the diode 
junction to a bus bar along an edge of the front surface. 

[0061] FIG. 1E shows a perspective view of an example 
back contact solar cell employing the example front surface 
and back surface metallization patterns of FIG. 1C and FIG. 
1D, respectively. 
[0062] FIG. 1F shows another example back surface met 
allization pattern for a back contact solar cell in which con 
tacts to both sides of the diode junction are made on the back 
surface and in which vias pass through the cell from the back 
surface to the front surface to provide electrical connection at 
an edge of the front surface to one side of the diode junction. 

[0063] FIG. 2 shows a fragmentary view schematically 
illustrating one end of an example solar energy receiver that 
comprises a string of series-connected solar cells arranged in 
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an overlapping manner on a linearly elongated substrate. 
Each solar cell has the front surface metallization pattern 
illustrated in FIG. 1A. 
[0064] FIG. 3A shows a schematic cross-sectional diagram 
illustrating the overlap of adjacent solar cells in the string of 
solar cells shown in FIG. 2. 
[0065] FIG. 3B shows a schematic cross-sectional diagram 
illustrating the overlap of adjacent back contact solar cells, 
with an electrical interconnection between the back surfaces 
of overlapping solar cells made with a ?exible electrical inter 
connect. 

[0066] FIG. 4 shows a schematic diagram of an example 
string of solar cells including a ?rst group of overlapped solar 
cells electrically connected to a second group of overlapped 
solar cells by an electrically conductive mechanically com 
pliant interconnect. 
[0067] FIG. 5A shows a schematic diagram of the example 
mechanically compliant interconnect used in the string of 
solar cells illustrated in FIG. 4. 
[0068] FIG. 5B shows a schematic diagram of another 
example mechanically compliant interconnect that may be 
used, for example, in place of the interconnect shown in FIG. 
5A. 
[0069] FIGS. 6A-6C show schematic cross-sectional dia 
grams illustrating additional examples of series-connected 
strings of overlapping solar cells. 
[0070] FIGS. 7A and 7B show front and rear views, respec 
tively, of another example series-connected string of overlap 
ping solar cells. 
[0071] FIGS. 8A and 8B show front and rear views, respec 
tively, of another example series-connected string of overlap 
ping solar cells. 
[0072] FIG. 9 shows a rear view of another example series 
connected string of overlapping solar cells. 
[0073] FIG. 10 shows a fragmentary schematic diagram of 
an example lamination stack, comprising solar cells, disposed 
on and adhering to a substrate. 

[0074] FIG. 11 shows a schematic diagram of an example 
bypass diode ?ex circuit that may be employed, for example, 
with shingled solar cells as described in this speci?cation. 

DETAILED DESCRIPTION 

[0075] The following detailed description should be read 
with reference to the drawings, in which identical reference 
numbers refer to like elements throughout the different ?g 
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 illustrates by way of 
example, not by way of limitation, the principles of the inven 
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 is presently believed to be the best 
mode of carrying out the invention. 
[0076] As used in this speci?cation and the appended 
claims, the singular forms “a,” “an,” and “the” include plural 
referents unless the context clearly indicates otherwise. Also, 
the term “parallel” is 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” is intended to mean “perpendicular or sub 
stantially perpendicular” and to encompass minor deviations 
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from perpendicular geometries rather than to require that any 
perpendicular arrangement described herein be exactly per 
pendicular. 
[0077] This speci?cation discloses high e?iciency con?gu 
rations for solar cell strings as well as solar cells (e.g., pho 
tovoltaic cells), and electrically conductive interconnects for 
solar cells, that may be used in such strings. As further 
described below, the high ef?ciency con?guration strings 
may be advantageously employed in concentrating solar 
energy collectors in which solar radiation is concentrated 
onto the solar cells with re?ectors, lenses, or other optical 
components. Such collectors may concentrate light onto the 
solar cells to provide illumination greater than or equal to 
about seven “suns”, for example. 
[0078] FIG. 1A shows a schematic diagram of an electri 
cally conducting front surface metallization pattern on the 
front surface of an example solar cell 10. The front surface of 
solar cell 10 is rectangular or substantially rectangular. Other 
shapes may also be used, as suitable. The front surface met 
allization pattern 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 ?ngers 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. 
[0079] Solar cell 10 comprises a semiconductor diode 
structure on which the front surface metallization pattern is 
disposed. A back surface metallization pattern is disposed on 
a back surface of solar cell 10 as shown, for example, in FIG. 
1B and described further below. The semiconductor structure 
may be, for example, a conventional crystalline silicon diode 
structure comprising an n-p junction, with the top semicon 
ductor layer on which the front surface metallization is dis 
posed being, for example, of either n-type or p-type conduc 
tivity. Any other suitable semiconductor diode structure in 
any other suitable material system may also be used. 
[0080] Referring now to FIG. 1B, an electrically conduct 
ing back surface metallization pattern on the back surface of 
solar cell 10 comprises back contact 25, and back contact pad 
30 positioned adjacent to the edge of one of the long sides of 
solar cell 10 and running parallel to the long sides for sub 
stantially the length of the long sides. FIG. 1B shows the back 
side of solar cell 10 as if it were viewed through the front 
surface ofsolar cell 10.As shown by a comparison ofFIG.1A 
and FIG. 1B, back contact pad 30 and front surface bus bar 15 
are positioned along opposite long sides of solar cell 10. 
[0081] The front and back surface metallization patterns on 
solar cell 10 provide electric contacts to the semiconductor 
diode structure by which electric current generated in solar 
cell 10 when it is illuminated by light may be provided to an 
external load. In addition, the illustrated front and back sur 
face metallization patterns allow two such solar cells 10 to be 
positioned in an overlapping geometry with their long sides 
parallel to each other and with the back contact pad 30 of one 
of the solar cells overlapping and physically and electrically 
connected to the front surface bus bar 15 of the other solar 
cell. As further described below, this pattern may be contin 
ued, in a manner similar to shingling a roof, to construct a 
string of two or more overlapping solar cells 10 electrically 
connected in series. Such an arrangement is referred to below 
as, for example, series-connected overlapping solar cells. 
[0082] In the illustrated example solar cell 10 has a length 
of about 156 millimeters (mm), a width of about 26 mm, and 
thus an aspect ratio (length of short side/ length of long side) 
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of about 1:6. Six such solar cells may be prepared on a 
standard 156 mm><156 mm dimension silicon wafer, then 
separated (diced) to provide solar cells as illustrated. In other 
variations, eight solar cells 10 having dimensions of about 
19.5 mm><156 mm, and thus an aspect ratio ofabout 1:8, may 
be prepared from a standard silicon wafer. More generally, 
solar cells 10 may have aspect ratios of, for example, about 
1:3 to about 1:20 and may be prepared from standard size 
wafers or from wafers of any other suitable dimensions. As 
further explained below, solar cells having long and narrow 
aspect ratios, as illustrated, may be advantageously employed 
in concentrating photovoltaic solar energy collectors in which 
solar radiation is concentrated onto the solar cells. 

[0083] Referring again to FIG. 1A, in the illustrated 
example the front surface metallization pattern on solar cell 
10 also comprises an optional bypass conductor 40 running 
parallel to and spaced apart from bus bar 15. Bypass conduc 
tor 40 interconnects ?ngers 20 to electrically bypass cracks 
that may form between bus bar 15 and bypass conductor 40. 
Such cracks, which may sever ?ngers 20 at locations near to 
bus bar 15, may otherwise isolate regions of solar cell 10 from 
bus bar 15. The bypass conductor provides an alternative 
electrical path between such severed ?ngers and the bus bar. 
A bypass conductor 40 may have a width, for example, of less 
than or equal to about 1 mm, less than or equal to about 0.5 
mm, or between about 0.05 mm and about 0.5 mm. The 
illustrated example shows a bypass conductor 40 positioned 
parallel to bus bar 15, extending about the full length of the 
bus bar, and interconnecting every ?nger 20. This arrange 
ment may be preferred but is 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 
conductor interconnects at least two ?ngers, but need not 
interconnect all ?ngers. Two or more short bypass conductors 
may be used in place of a longer bypass conductor, for 
example. Any suitable arrangement of bypass conductors 
may be used. The use of such bypass conductors is described 
in greater detail in US. patent application Ser. No. 13/371, 
790, titled “Solar Cell With Metallization Compensating For 
Or Preventing Cracking,” and ?led Feb. 13, 2012, which is 
incorporated herein by reference in its entirety. 
[0084] The example front surface metallization pattern of 
FIG. 1A also includes an optional end conductor 42 that 
interconnects ?ngers 20 at their far ends, opposite from bus 
bar 15. The width of conductor 42 may be about the same as 
that of a ?nger 20, for example. Conductor 42 interconnects 
?ngers 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 isolated by such 
cracks. 

[0085] Bus bar 15, ?ngers 20, bypass conductor 40 (if 
present), and end conductor 42 (if present) of the front surface 
metallizationpattern may be formed, for example, from silver 
paste conventionally used for such purposes and deposited, 
for example, by conventional screen printing methods. Alter 
natively, these features may be formed from electroplated 
copper. Any other suitable materials and processes may be 
also used. Bus bar 15 may have a width perpendicular to its 
long axis of, for example, less than or equal to about 3 mm, 
and in the illustrated example has a width of about 1.5 mm. 
Fingers 20 may have widths, for example, of about 10 
microns to about 100 microns. In the illustrated example, the 
front surface metallization pattern includes about 125 ?ngers 
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spaced evenly along the ~154 mm length of bus bar 15. Other 
variations may employ, for example, less than about 125, 
about 150, about 175, about 200, about 225, about 125 to 
about 225, or more than about 225 ?ngers spaced evenly 
along a bus bar 15 of about the same (~154 mm) length. 
Generally, the width of the bus bar and the width, number, and 
spacing of the ?ngers may be varied depending on the inten 
sity of solar radiation to be concentrated on the solar cell. 
Typically, higher concentrations of solar radiation on the 
solar cell require more and/ or wider ?ngers to accommodate 
the resulting higher current generated in the solar cell. In 
some variations, the ?ngers may have widths that are greater 
near the bus bar than they are away from the bus bar. 

[0086] Referring again to the example back surface metal 
lization pattern shown in FIG. 1B, back contact 25 may be a 
conventionally deposited aluminum contact, for example, 
and may substantially cover the back surface of solar cell 10. 
Alternatively, back contact 25 may leave islands or other 
portions of the back surface of solar cell 10 unmetallized. As 
yet another alternative, back contact 25 may comprise ?ngers 
similar to those in the front surface metallization pattern, 
running parallel to each other and to the short sides of solar 
cell 10 for substantially the length of the short sides. Any 
other suitable con?guration for back contact 25 may also be 
used. Back contact pad 30 may be formed, for example, from 
silver paste conventionally used for such purposes and depos 
ited, for example, by conventional screen printing methods. 
Alternatively, contact 25 and/ or back contact pad 30 may be 
formed from electroplated copper. Any other suitable mate 
rials and processes may also be used to form back contact 25 
and back contact pad 30. Back contact pad 30 may have a 
width perpendicular to its long axis of, for example, less than 
or equal to about 3 mm, and in the illustrated example has a 
width of about 2 mm. Back contact pad 30 may have a width, 
for example, matching or approximately matching the width 
of front bus bar 15. In such instances back contact pad 30 may 
have a width, for example, of about 1 to about 3 times the 
width of bus bar 15. 

[0087] Solar cells 10 may be HIT (heterojunction with 
intrinsic thin layer) silicon solar cells. In such cases, the HIT 
cells may employ, for example, the front surface metallization 
patterns described above with respect to FIG. 1A or any 
variations of those front surface metallization pattern 
described herein. The HIT cells may employ, for example, the 
back surface metallization patterns described above with 
respect to FIG. 1B or any variations of those back surface 
metallization patterns described herein. The HIT cell back 
surface metallization pattern may comprise ?ngers (e. g., sil 
ver ?ngers) similar to those in the front surface metallization 
pattern of FIG. 1A. In such cases the ?ngers of the back 
surface metallization pattern may be disposed on a layer of 
transparent conducting oxide (TCO), which in turn is dis 
posed on the back surface of the semiconductor diode struc 
ture. Alternatively, the back surface metallization pattern for 
HIT cells may comprise a thin copper layer disposed on a 
TCO layer, which is in turn disposed on a back surface of the 
semiconductor diode structure. The copper layer may be 
deposited by electroplating, for example. The TCO in this or 
the previous variation may be or comprise indium tin oxide, 
for example. Any other suitable back surface metallization 
pattern may also be used. 
[0088] For HIT cells employed in solar cell strings as 
described herein, a thin copper layer back surface metalliza 
tion pattern may handle high current density with low resis 
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tance and therefore results in low I2R loss at the back contact. 
Light passing unabsorbed through the HIT cell is typically is 
typically absorbed by the copper layer, however, leading to 
optical loss. HIT cells in which the back surface metallization 
pattern comprises ?ngers deposited on a TCO layer may be 
positioned with their back surfaces on or above a re?ecting 
surface, such as a white surface. Light which passes unab 
sorbed through the HIT cell may thereby be re?ected back 
into the HIT cell, past the ?ngers and through the TCO, to be 
absorbed in the HIT cell and generate additional current. The 
I2R loss in the ?ngers may be greater than that for the thin 
copper layer back surface metallization variation, however. 
The choice of back surface metallization pattern generally 
depends on which such pattern performs best when the HIT 
cells are illuminated at a desired level of concentration (e.g., 
at greater than or equal to about seven “suns” . 

[0089] Referring now to FIG. 2, an example solar energy 
receiver 45 comprises a string of series-connected solar cells 
10 arranged in an overlapping manner on a linearly elongated 
substrate 50. Each solar cell 10 in solar energy receiver 45 has 
the front and back surface metallization patterns illustrated in 
FIGS. 1A and 1B, respectively. FIG. 3A shows a cross-sec 
tional view illustrating the overlap of adjacent solar cells in 
solar energy receiver 45. As shown in FIG. 3A, for each pair 
of overlapping solar cells the bottom contact pad 30 of one 
solar cell overlaps the front surface bus bar 15 of the other 
solar cell. Exposed front surface bus bar 15 at one end of the 
string and exposed bottom contact pad 30 at the other end of 
the string may be used to electrically connect the string to 
other electrical components as desired. In the example illus 
trated in FIG. 2, bypass conductors 40 are hidden by overlap 
ping portions of adjacent cells. Alternatively, solar cells com 
prising bypass conductors 40 may be overlapped similarly to 
as shown in FIG. 2 and FIG. 3A without covering the bypass 
conductors. 
[0090] Front surface bus bar 15 and bottom contact pad 30 
of an overlapping pair of solar cells 10 may be bonded to each 
other using any suitable electrically conductive bonding 
material. Suitable conductive bonding materials may include, 
for example, conventional electrically conductive re?owed 
solder, and electrically conductive adhesives. Suitable elec 
trically conductive adhesives may include, for example, inter 
connect pastes, conductive ?lms, and anisotropic conductive 
?lms available from Hitachi Chemical and other suppliers, as 
well as electrically conductive tapes available from Adhe 
sives Research Inc., of Glen Rock Pa., and other suppliers. 
Suitable electrically conductive adhesives may also include 
silver-?lled conductive epoxies or other conductive epoxies. 
In some variations such electrically conductive adhesives 
may be selected, for example, to remain ?exible over a tem 
perature range between about —400 C. and about 1 15 ° C., have 
an electrical resistivity less than or equal to about 0.04 ohm 
centimeters, exhibit elongation at break greater than or equal 
to about 20%, have a dispensable viscosity, or have any com 
bination of the preceding characteristics. 
[0091] The illustration of FIG. 3A labels front bus bars 15 
with a minus sign (—), and bottom contact pads 30 with a plus 
sign (+), to indicate electrical contact to n-type and p-type 
conductivity layers in the solar cell, respectively. This label 
ing is not intended to be limiting. As noted above, solar cells 
10 may have any suitable diode structure. 

[0092] Referring again to FIG. 2, substrate 50 of solar 
energy receiver 45 may be, for example, an aluminum or other 
metal substrate, a glass substrate, or a substrate formed from 
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any other suitable material. Solar cells 10 may be attached to 
substrate 50 in any suitable manner. For example, solar cells 
10 may be laminated to an aluminum or other metal substrate 
50 with intervening adhesive, encapsulant, and/or electrically 
insulating layers disposed between solar cells 10 and the 
surface of the metal substrate. Substrate 50 may optionally 
comprise channels through which a liquid may be ?owed to 
extract heat from solar energy receiver 45 and thereby cool 
solar cells 10. in which case substrate 50 may preferably be an 
extruded metal substrate. Solar energy receiver 45 may 
employ, for example, lamination structures, substrate con 
?gurations, and other receiver components or features as 
disclosed in US. patent application Ser. No. 12/622,416, 
titled “Receiver for Concentrating Solar Photovoltaic-Ther 
mal System”, and ?led Nov. 19, 2009, which is incorporated 
herein by reference in its entirety. Although in the illustrated 
example substrate 50 is linearly elongated, any other suitable 
shape for substrate 50 may also be used. 

[0093] Receiver 45 may include only a single row of solar 
cells running along its length, as shown in FIG. 2. Altema 
tively, receiver 45 may include two or more parallel rows of 
solar cells running along its length. 
[0094] Strings of overlapping series-connected solar cells 
as disclosed herein, and linearly elongated receivers includ 
ing such strings, may be used, for example, in solar energy 
collectors that concentrate solar radiation to a linear focus 
along the length of the receiver, parallel to the string of solar 
cells. Concentrating solar energy collectors that may advan 
tageously employ strings of series-connected overlapping 
solar cells as disclosed herein may include, for example, the 
solar energy collectors disclosed in US. patent application 
Ser. No. 12/ 781,706 titled “Concentrating Solar Energy Col 
lector” and ?led May 17, 2010, and the solar energy collectors 
disclosed in US. patent application Ser. No. 13/740,770 titled 
“Concentrating Solar Energy Collector” and ?led Jan. 14, 
2013. Each of these patent applications is incorporated herein 
by reference in its entirety. Such concentrating solar energy 
collectors may, for example, employ long narrow ?at mirrors 
arranged to approximate a parabolic trough that concentrates 
solar radiation to a linear focus on the receiver. 

[0095] Referring again to FIGS. 1A and 1B, although the 
illustrated examples show front bus bar 15 and back contact 
pad 30 each extending substantially the length of the long 
sides of solar cell 10 with uniform widths, this may be advan 
tageous but is not required. For example, front bus bar 15 may 
be replaced by two or more discrete contact pads which may 
be arranged, for example, in line with each other along a side 
of solar cell 10. Such discrete contact pads may optionally be 
interconnected by thinner conductors running between them. 
There may be a separate (e.g., small) contact pad for each 
?nger in the front surface metallization pattern, or each con 
tact pad may be connected to two or more ?ngers. Back 
contact pad 30 may similarly be replaced by two or more 
discrete contact pads. Front bus bar 15 may be continuous as 
shown in FIG. 1A, and back contact pad 30 formed from 
discrete contact pads as just described. Alternatively, front 
bus bar 15 may be formed from discrete contact pads, and 
back contact pad 30 formed as shown in FIG. 1B. As yet 
another alternative, both of front bus bar 15 and back contact 
pad 30 may be replaced by two or more discrete contact pads. 
In these variations, the current-collecting functions that 
would otherwise be performed by front bus bar 15, back 
contact pad 30, or by front bus bar 15 and back contact pad 30 
may instead be performed, or partially performed, by the 






















