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improved Photovoltalic Cell Assembly and Method

CLAI OF PRIORITY
The present application claims the benefit of the filing date of US Provisional
Application No. 61/383,887 (liled 17-September-2010) the contents of which are
hersby incorporated by reference in their entirety.

FIELD OF THE INVENTION

{8011 The present invention relates to an improved photovoltaic {PV) cell assembly,
more particularly 1o an improved photovolialc cell assembly that interconnects a plurality
of celis without solder or conductive adhesive.

BACKGROUND

{003} Photovoltale articles often comprise a number of elecirically interconnected
photovoltaic cells,  In addition o snsuring slectrical interconnection, these cells are
somelimes packaged to protect the cells from damage from handling or the environment.
The conventional approach to eleciical interconnection of photovalisic cells is the so-
called string & tab method, in which solar celfs are connected to each other using tin or
solder coated flat wire (bus) ribbons and bonded by soldering andfor other adhesive
matsrial such as conductive epoxy. The wire ribbon is typloally bonded to bus bar
focations on & conductive grid that is applied to the surface of the cell. It is believed that
the cross section of the wire may be limited such that thicker wires are too stiff and thin
and wide wires obscure foo much lighf. The net result is that interconnect resistance
losses as well as the amaount of active cell surface arsa that is blocked by the ribbon can
account for significant reduction in photovoltaic cell assembly {hence the PV device)
performance. The stringing process may also be difficult to use with thin cells because
the resulting series string of cells may be fragile and susceptible (o lost contact of the PV
ribbon with the salar cell. Furthermore, the appearance of the large bus ribbons on the
surface of the PV device may be aesthetically undesirable o customers.



WO 2012/037191 PCT/US2011/051509

{603} Amorg the literature that can pertain o this technology include the following
patent decuments: U8, §,938,781, U8 7.022.810; .8, 7,432,438; 11.8. Publications
2007/0251870; 2000/00025788; and 2008/0255585, all incorporated hersin by reference
for all purposes.

SUMMARY OF THE INVENTION

{0041 The prasent invention js directed o an improved ghotovoliaic oell assembly
that addresses at least ong or more of the issues described in the above paragraphs.

{08} it is belisved that one potential benefit of the present invention over the prior
art is that the inventive photovoliaic cell assembly is constructed and configured in such
a way that conductive adhesive andor sclder is not required to hold the cell strings
together, #t is contemplated that the cell string is encapsulated in a polymer laminate
during or immediately following the application of conductive wires. The elimination of
conductive adhesive may be desirous, because conductive adhesive can be sxpensive
and requires substantial down time for maintenance and cleaning. A further advaniage
contemplated may be improved resistance fo thermal cyoling and damp heatl treatment
over adhesive or soldered connections that may be susceptible to degradation under
these types of environmental stresses. The photovoltaic celi assembly described herein
also lacks large bus ribbons that obstruct fight fram enmtering the cell. The absencs of the
bus ribbons alse may render the PV device aesthetically more appealing versus
conventional products prepared using the string and tab approach. Furthermare, the use
of this approach may reduce the amount of silver conductive ink in grid application via
efimination of large silver bus bars that are generally applied for photovoltaic ool
assemblies prepared using slring and tab approach. A further unexpected advantage of
this approach may be that solar cell strings (8.9, multiple cells, for example a3 5-cel)
assembly/string} assembled using the present invention may repeatedly exhibit higher
gificiency and current gensrated and lower series resistance relative 1o the Individual
cells used in their production because the addition of a conductive slement lowers
resistance relative to the individual cells that do not have the conductive element. In
contrast, as ssen in the experimental example discussed later in the specification, 5-ceall

strings commected with flat wire ribbon and conductive epoxy have demonstrated the
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apposite tlendency, with lower efficiency and current and higher series resistance reiative
© the individual component cells,

f006}] Accordingly, purstant o one aspect of the present invention, there i
confemplated a photovoliaic cell assembly including at least a plurality of photovoligin
cells, the cells including at least a photoactive portion sandwiched between; a fop
elgctrically conductive structure on some regions of a top swrface of the photoactive
partion i@ax}ing exposed top surface on other regions; and an opposing conductive
substrate layer, whereln at least a porlion of a peripheral adge portion of the cells
include a non-canductive layer portion; a plurality of conductive slements; a first
ancapsulant layer in contact with the lop elscirically conductive structure and the
exposed twp suface of the pholoactive portion; and a sscond encapsulant layer in
contact with the opposing conductive substrate layer; wherein one end of the plurality of
conductive slements contact the top electrically conductive structure and the exposed
top surface and an opposing end of the plurality of conductive elements contast the
conductive substrate layer of an adjacent photovoltaic cell and both ends are held in
contact o the osll layers by the respective encapsulant layer,

[0a7} The invention may be further characterized by one or any combination of the
featurss desoribed hereln, such as the collection structure comprises a series of
substantially paraliel ines of a material with lower shest resistance than the exposed top
swrface; the series of substantially paraflel lines is generally perpendicular to the
dirgction of the plurality of conductive dlements; the number of conductive elements and
the cross section width of the conductive elsmsnts is selected so that 3 total powar oss
dug to ine resistance of the conductive elements and the shading of the conductive
elements is less than 8% according to the equation:

Total power loss = [power loss dus to shading] + [power loss due o resistive line losses]
= [{p(tm) By (VAN + In(f)(d)]

where p is the resistivity of the conductive elemant, | is the current generated by the PV
device, n is the number of conductive elements, / is the length of the conductive
elements, V is the vollage generated by the PV device, A is the cross sectional area of
the conductive elaments, I'is the length of the conductive slement that covers the tap
swrface of the PV cell and d is the diameter of the conductive slement; a fotal surface
arsa of the collection structure and the plurality of conductive slemernts is less than 4%

of the total surface area of the PV cells; the powsr foss contributed by shading i
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between 30-70% of the ttal power loss caused by shading and resistive lossas: the
cross section width of the conductive elements is greater than the thickness of the first
and second encapsulant layer; a crose section width of the conductive elements is less
thart 0.5 mm and greater than 0.1mm; the conductive slements are connected 1o
terminal bars at both ends of the assembly; the conductive elements are connected o
the terminal bars via soldering or welding; the conductive slemenis are connected o
terminal bars vig faser welding: the first encapsulant layer and the second encapsulant
fayer comprise mulliple layers, wherein the first layer proximal 1o the top and bottont call
surfaces is a thermoplastic material with a higher melting point than the subsequent
fayers; the top surface comprises a transparent conductive oxide; the phatovoltaic cell
assembly comprises al least five pholovoltaic cells and at lsast three conductive
slements; the photovollaic cell assembly comprises at least ten conductive elsments; an
cverlap of the conductive slements on the conductive substrate layer is at lsast 2.0mm
in length; the non-conductive layer portion comprises g liguid diglectric that is cured via
UV radiation; the first encapsulant layer, the second encapsulant layer, or both comprise
at least a first and a second layer, whereln the first layer has a highsr melting
temperature {T) than the second layer; a difference in melting temperature {Tm) is at
least 10°C.

foos] Accordingly, pursuant to another aspect of the present invention, there is
contemiplated a methed of farming a photovoltaic assembly including at least the steps
of: providing a Tirst encapsulant layer and a second encapsulant layer; providing a series
of substantially parallel conductive slements; providing a plurality of photovoitaic celis
comprising a phwtoactive layer, an oppeosing conductive substrate fayer and a top
conductive layer comprising both a transparent conductive layer and a collection
structure; connecting the plurality of photovoltaic cells in top-to-bottom fashion; the
collection structure comprises a series of substantially paralie! lines and & peripheral
gdge portion of the cells include a non-conductive laver portion and ong end of the
plurality of conductive elements contact both the transparent conductive layer and the
coliection structure and an opposing end of the plurality of conductive alements contagt
the conductive substrate layer of an adiacernt photovoltaic cell and both ends are held in
contact 1o the cell layers by the respective encapsulant layer

faost it should be appreciated that the above referenced aspects and examples ars
non-timiting, as others exist within the present invention, as shown and described herein.
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DESCRIPTION OF THE DRAWINGS

[0010] Fig. 1 s a top perspective view of one Hlustrative example of the present
invention.

fO011] Fig. 2 is a side view of the example shown in Fig. 1.

fo012] Fig. 3 is an exploded side view of the example shown in Fig, 1.

{0013] Fig. 4 is a more detalled side view of the exampls shown in Fig. 1.

{0014} Fig.5isa

(00157 Fig. 5 A-A fs a detailed sectional view of the cell of Fig. 8, illustrating sxample

o3

top perspective view of a single cell,

layers,

foo1s} Fig. 8 is a top perspective view of a PV device with a 4-cell photovoltaic call
assembly moluded thersin,

{8017 Fig. 7 s a top perspective view of according to Example 1.

{0018] Fig. B is & top perspective view of according to Example 2.

{0019] Fig. 9 is a top perspective view of according to Examples 3 and 4.

FO026] Fig. 10 is a top perspective view of according to Example S.

{00211 Fig. 11 is a graphical example of the sffect of wire resislivity on the series
resistance and normalized efficlency of cell assemblies, related to Exampls 8.

{06221 Fig. 12 is a graphical example showing an example of how power loss
{normalized efficlency) can be minimized experimentally by optimization of the number
of conductive elemernts,

[on23] Fig. 13 is a table related to Example 1.

fag24] Fig. 14 is a table related to Example 3.

[0025) Fig. 158 is a table related o Example 4.

[co28} Fig. 16 is a table related to Examples 8§ and 7.

[0027] Figs. 17A-C illustrates -V exemplary characterization data for the individual
cells and the interconnected assembly.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT
{0028} The present invention relates to an improved photovoltaie cell assembly 16,

as illustrated in Figs.1 ~ SA-A and 7-10, and can be described generally as an assembly
of @ number of components and component assemblies that functions to provide
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alectrical energy when subjected to solar radiation (e.g. sunfight). In one example, the
fmproved photovoltaic cell assembly 10 may be incorporated into a larger photovaliaio
device, for example a solar shingle 100 as shown in Fig. 8.

f0025] Of particular intersst and the main focus of the present disclosure is an
improved photovoltaic cell assembily 10 that includes at lsast a plurality of photovoltaic
cells 20, first and second encapsulant layers 40, 80, and a conductive element 80
{preferably a plurality of conductive slements 80} thal electically connects the
photovoltaie cells 20.

fo030} Generally, the plurality of photovoltaic cells may be constructed of a plurality
- adjoining of layers. These layers can be further defined {e.g. from the bottom up) to
include at least: a conductive substrate fayer 82; a photoactive layer 24; and a top
slectrical coltection structure 28, Rtis also praferred that &t least along a portion of the
peripheral edge of the cells @ non-conductive layer portion 30 is included, for exampls as
Hustrated in Fig. 4.

{0031} Furthermore, the assembly 10 s configured such that one end 82 of the
conductive element 60 s In contact with both the collection structure 28 and a top
surface 26 of the photoactive layer 24 and an opposing end 84 of the conductive
slemant B0 is in contact with the conductive substrale layer 22 of an adjacent
photovoitaic cell 20. Preferably, both ends 62, 84 are held in contact to the cell layers by
the respective encapsulant layer,

{0032] itis contemplated that the relationships {2.g. at least the geometric properties
and the material properties) between the components and component assemblies are
surprisingly important in sclving one or more the issues discussed in the background
section above.  Each of the components and component assemblies and their
rafationships are disclosed in greater detail and specificity in the following paragraphs.
fO033] The pholovoltaic cell 20 contemplated in the present invention may be
constructed of any numbsy of known photovoltaic cells commercially avaiiable or may be
selected from some fulure devsloped photovoltalc cells.

Conductive Substrate Layer 22

(0034} The conductive substrate layer 22 functions similarly to the top conductive
layer 24, in that it conducts the electrical energy produced by the photosctive portion.
The conductive substrate fayer 22 may be rgid or flexible, but desirably is flexible,
particularly in those embodiments in which the resultant photovoliaic device may be
used in combination with non-flat surfaces.  The conductive substrate fayer can be a
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single integral layer or can be formed from one or more layers formed from a wide range
of materials, including metals, metal alloys, intermetallic compositions, andior
combinations of these. For applications wherein a flexible substrate layer is desired,
layer 22 is typically @ metal foll. Examples include metal {oll comprising Cu, AL Ti, Mo or
stainless steel. Typioally, this conductive substrate laver is formed of a siainless steel
and the photoactive portion 24 is formed above the substrate layer, although ather
configurations are contemplated and do not necessarlly effect the concepts of oell
interconnact presented herein. in Hlustrative ambodiments, stainless steel is preferred,
{B035] The conductive substrate layer 22 can be coated on ona or both sides with a
wide range of slectrically conductive materials, including one or more of Cu, Mo, Ag, Al,
Cr, Ni, Ti, Ta, Nb, W andfor combinations of these. Conductive compositions
incarporating Mo may be used in an Hlustrative embodiment. A back contact layer 122
formed on the conductive substrate layer proximal to the photoactive layer helps to
isolate the photoactive fayer 24 from the support fo minimize migration of support
constituents into the photoactive layer. For example, the back contact layer 22 can help
0 block the migration of Fe and N constituents of a stainless stes! suppont into the
photoactive laver 24, Conductive metal layers formad on one or both sidss of the
conductive substrate layer 22 can slso can protect the substrate fayer against
degradation thal couwld be caused during formation of the pholoactive layer 24, for
mstance by protecting against S or Se i these are used in the formation of photoactive
ragion 24,

Photoactive Portion 24

00381 The pholoactive layer or portion 24 of the pheotoveiiaic ool 20 containg the
material which converts light energy o electrical energy. Any material known to provide
that tunction may be used including crystalling silicon, amarphous silicon, CudTe, Gads,
dye-sensitized solar cells (so-called Grastzel colls), organic/polymer solar cells, or any
other material that converis sunlight into elecricity via the photoslectric effect. However,
the photoactive cell is preferably a B-HlA-chalcogenide-based cell, such as IB-iA-
selenides, 1B-iA-sulfides, or 1B-{lA-selenide sulfides (i.e. absorber layer is a IBJHA
chialcogenide, preferably a copper chalcogenide). More specific examples include
copper indium selenides, copper indium gallium selenides, copper gallium selenides,
capper indium sulfides, copper indium galiium sulfides, copper galiium selenides, copper
indiurn sulfide selenides, copper galium sulfide selenides, and copper indium gallium
suffide selenides {all of which are referred o hersin as CIGS). These can also be
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represerted by the formula Culng. Ga,Sep, S, where xis 0 to tand yis 010 2. The
copper indium selenides and copper indium gallium selenides are preferred. The portion
24 may comprise multiple layers in addition to the absorber layer such as ons or more of
emitter {bulfer} layers, conductive layers {e.g. transparent conductive Jayers) and the ke
as s known in the art 1o be useful in CIGS based vells are also contemplated herein,
These cells may be flexible or rigid and come In a varlety of shapes and sizes, but
generally are, fragiie and subject to environmental degradation. In a preferred
embodiment, the photoveliaic cell 20 is a celt that can bend without substantial cracking
and/or without significant foss of functionality. Exemplary photovoltaic cells are taught
and described In a number of US patents and publications, including US3787471,
US4485575, US20080011850 A1, EPS41706 AR, UB20070258734 at, EPT032081A%,
JP2216874, JP2143488, and JP10188924a, Incorporated herste by reference for all
pUrposes.

[ona7] I a exemplary embodiment, the pholoactive layer 24 may be further
constructed of any number of layers, for example: a back contact layer 122 ({typically
Mo}, an abeorber layer 124 (typloally CulnGaSe(8)); a butfer layer 128 (typically CdS); a
window layver 128 (typloally ZnQ); and fransparent condustive laver 130 {typically indium
in oxide {(ITO or aluminum zine oxide {AZQ)). It is belleved that oells 20 of this
configuration are fypically known as “CHES solar cells”, sse Fig. SAA.

{0038] it s contemplated that the pholovoltaic celis 20 may be formed from other
known sclar cell technology. Examples of these include amorphous silicon or cadmium
telluride based solar cell devices. Additionally, components within the photovoltaic calis
20 as described above can be substituted for alfernative materials. For sxample, the
buffer layer 126 can be for sulfides, selonides or oxides of Cd, #n, in, 8n and
combinations thereof. An optional window layer compromised of a resistance
transparent oxide of for example Zn, Cd, In, Sn may be included between the bulfer
region 126 and the wransparent conductive layer 130, Preferably, the window layer is
intrinsic zine oxide.

[0038] The transparent conductive layer 130 may be situated as the top layer of the
photoactive faysr 24, A wide variety of transparent condusting oxides or combinations of
these may be incorporated into the transparent conductive faver. In fypical
embodiments, the transparent conductive layer 130 is a transparent conductive oxide
(TCO), with representative examples including fuorine-doped tin oxide, tin axide, indium
oxide, indium tn oxide (TO), aluminum dopsd zne oxide (AZQ), zinc oxide,



WO 2012/037191 PCT/US2011/051509

combinations of these, and the like. in one ilustrative embodiment, the fransparent
conductive layer Is indium tin axide. Transparent conductive layers may be conveniently
formed via sputtering or other suitable deposition technigue,

f0048] it s contemplated that in cerain photovoligic cells 20, & distinctive
transparent conductive layer 130 may not be required. For example GaAs type cells
typically do not require g transparent conductor as the Qads layer may be sufficiently
conductive.  For the sake of the present invention, then the layer that is immediately
helow the collection structurs 28 should be considered the top surface 28 of the cell 20,
{o041} These substitutions are known to those in the art and does not affect the
concepl of cell interconmect presented herain.

Top Collection Structure 28

{00433 The top collection structure 28 functions fo collect the electrical energy
produced by the photoactive portion 22 and focus it into conductive paths. The collection
structure 28 may be deposited over the photoactive layer 24 (8.9, on the top surface 28)
o reduce the sheet resistance of this layer (s.g. TCO faver 130). The collection structure
28 typically comprises optically opaque materials and may be applied a8 a serles of
substantially parallel conductive traces {(although other configurations are contemplated
and do not necessarily effect the concept of cell interconnect presented herain) with
spaces between the traces so that the grid occuples a relatively small footprint on the
surface. For example, In some embadiments, the collection structure vocuptas about 5%
or less, even about 2% or iess, or aven about 1% or less of the fotal surface area
associated with light capture to alfow the photoactive materials 1o be exposed to incident
fight. The collection structure 28 preferably includes condustive metals such as Ag, Al
Gu, Gr, Ni, T, Ta, andfor combinations thereof. In one illustrative embodiment, the grid
has a dual layer construction comprising nickel and silver. The collection structure can
be formed by a vardely of techniques including screenprinting, ink-jet printing,
elestroplating, and metallization through a shadow mask using physical vapor deposition
techniques such as evaporation or sputtering.

Non-Conductive Layer Portion 30

f0043] The non-conductive layer portion 30 functions as an insulator or a dislectric
that electrically isolates the conductive slements 80 from the edges of the solar celis. i
is contemplated that the presence of the non-conductive layer portion reduces the
ooeurrence of electrical shorts at the sdge of the solar cell that may be caused by
contact with the conductive elements 80. Furthermore, the non-conductive layer portion
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30 can function as an adhesive o secure the plurality of conductive slements 80 in
place during fabrication of the cell assembly prior fo application of the encapsulant
tayers, The insulator can be applied to the solar cell or to the conductive slements 8¢ at
ong or both of the leading or trailing edges of sach individual solar cell in the solar call
sssembly. The insulator can be formed as discrete regions along the edge of the davice
at the locations where the conductive elements oross the edge of the solar cell, or it can
be applied as a single layer along the entire length or a substantial portion of the edge
of the cell 20, so that it may comprise a discrete layer between the cell and the
conductive elements 80. The insulator may be of a type of synthetic polymer that can be
deposited as a liquid and cured or cross-linked to form a solid material. Curing or cross-
finking can be achieved via the application of thermal or ultraviclet UV} energy, for
example. For UV-curable compasitions, # is desirable that the curing process can be
carried o in a short tmeframe, such as less than 10 ssconds, and mors specifically
can be less than about 3 seconds. Many photocurable polymers require energy of at
least 300 mdfom® and maore typically about 500-1200 mdiom® of UV ghergy in the 200~
400 nm range.  Exemplary embodiments include acrylate and epoxy resin based
compaositions.  Alternatively, the non-conductive layer portion 30 can be applisd as a
sclid material, such as in tape form. Suitable alternatives may include fiuorocarbon
polymars, such as sthylene tetraflucrcethylens (ETFE), curable insulating polymers that
can be coated o the cell or interconnest material or inorganie dislectric matenal that
can be applied to the solar cell or interconnect material, it is contemplated that it could
also be substituted for the material used as the encapsulant layers 40, 50, such as
polyethylene film. In a preferred embediment, the non-conductive laver porttion 30 is a
fiquid dielectric epoxy composiion that is cured vig UV radiation. in one ilustrative
embodiment, the portion 30 is a polyimide tapse. One such commercially avalaible tape
is Kapton® tape offered by Dupont®. In general, the non-conductive layer portion 30
can exhilsit a dielectric constant greater than about 2 and can be even greater than
about 4. Exemplary electrically insulafing materials have a dislectric constant greater
than about 4.8 and volume resistivity greater than about 3x10™ Q-om.

Conductive Elements &0

{0044 The conductive slement(s) 80 function as an elecirical bridge betwesn
photavoltaic oelfls 20, 1t is contemplated in the presernt invention thal, the elsciical
bridge s formed batween the top of one cell {e.g. collection structure 28 andior top
surtace 26} and the conduetive substrate laver 28 of an adjoining cofl. i is desirable that

10
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these elements have a relatively low electrical resistance (preferably less than abouwt 1.0
Um, more preferably less than about 0.33 {¥m, most preferably less than 0.15 Ym).
Fig. 11 shows an example of the effect of wire resistivity on the series resistance and
normalized efficiency of cell assemblies. They may be in the form of raditional matallic
wires (solid or plated}, conductive foils, coated polymeric strands, or any like structure
that performs the above bridging function.  Hlustrative conductive elements include
copper wires plated with Ag, Sn or Ni. The elemsnis 80 are free of alloys with a relatively
low melting point {e.g. a melting point lower than the desired processing temperature of
the cell assembly, typically less than about 2007°C), solder, or conductive adhesive
compansnts.

[8048] it is contemplated that the number of conductive slements 80 used per
individual cell may vary from as little as two {(2) {e.g. one on top and one on the bottom)
to as many as several dozen. The number of and relative spacing of the conductive
elements 60 may vary based upon a number of factors, such as: the type and resistivity
of the of the elements; the size of the cell 30; the type, resistivity and spacing of the lines
in the collsction structure 28, the shest resistance of the top surface 26; spacing of
individual elements of the collection struchure 28; and the confact resistance of alf
refevant interfaces (e.g. oollection structureftop surface, collection structurs/conductive
sloments, top surface/conductive elements). These values can each be measursed and
used to deterntine preterred configurations in order to minimize tolal power loss and to
balance the contributions to power luss associated with shading due fo the conductive
slements and the collection structure, and the contribution associated with resistance
losses from the relevant imterfaces. In a preferred smbodiment, there are four(4)
conductive slements 80 per 100 om® of cell 20 surface and hese are approximately
spaced apart about evenly (e.g. the spacing value within about § to 25% of sach ather).
Fig. 12 shows an example of how power ss (normalized efficiency) can be minimized
experimentally by optimization of the number of conductive elements.

048] it s contemplated that there should be sufficient comtact between the
elements 80 and the conductive substrate layer 22 fo meet the resistivity goals (e.g. less
than about 1.0 {2, more preferably less than about 0.2 ). Itis envisaged that the overlap
"Ca" of the slements 60 on the conductive substrate layer 22 {see fig. 4) may rangs from
as little as about 2.0mm {0 as much as the entire width “W” of the cell. In a preferrad
embodiment, the overlap "C.” ranges from about 2.0mm {o 100.0mm, more preferably
from about 5.0mn to 80.0mim, and most preferably from about 56.0mm to 50.0mm.
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100471 it is contemplated that the number of conductive clements and the oross
section width of the conductive slsments may be selected s0 that the total power loss
due 1o line resistance of the conductive slements and the shading of the conductive
elements is fess than about 3% to 6% according to the squation:

Total power loss = [power loss due to shading] + [power loss due

0 resistive line losses]
= {p(myAVIVIAR + [n(Fy(d)]

{o04g] where p is the resistivity of the conductive slement, | is the current generated
by the PV device, n & the number of conductive slements, 1 is the length of the
conductive elements, V is the vollage gensrated by the PV device, A is the oross
sectional area of the conductive slements, ['is the length of the conductive slement that
covers the top swiface of the PV cell and d is the diameter of the conductive slement,

10048] in a preferred embodiment, the cross section widih of the conductive
elements may range from about 0.1mm 1o 2.0mm, more preferably from about 0.2mm to
1.0mm, and most preferably from about 0.3mm o 0.5mm. In & preferred embodiment,
the power loss contribuded by shading may be betwsen about 25-75% of the total power
toss caused by shading and resistive Ibssses, more preferably betweosn about 30-70%.

First Encapsulant Layer 40

§0054] it is contemplated that the first encapsulant layer 40 may perform several
funclions. For example, the layer 40 may serve as a honding mechanism, helping hold
the adjacent layers together (e.g. the cell 20; the plurality of conductive slements 60;
and/or the second encapsulant layer 50). It should aiso aliow the transmission of a
desirous amount and type of light ensrgy to reach the photovoltaic celf 20 {8.g. the
photoactive portion 24}, The first encapsulant layer 40 may also function to compensate
for irregulanities in geometry of the adjoining layers or translated though those layers
{e.g. thickness changes). It also may serve to alfow flexure and movement between
layers dug to environmental factors {e.g. temperature change, humidity, eto) and
physical movement and bending. Preferably, the layer 40 is configured to keep the
plurafity of conductive slements 80 in electrical contact with the top surface 26 and the
collection structure 28, In a preferred smbodiment, first encapsulant tayer 40 may
consist essentially of an adhesivs film or mesh, bud is preferably a thermoplastic material
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such as EVA {ethylens-vinyl-acetate), thermoplastic polvolefin o similar material. Itis
contenyHated that the layer 40 may be coamprised of a single layer or may be comprised
of multiple lavers {2.g. a first, second, third, fourth, fifth faver, etc...). In the case that
layer 40 is comprised of multiple layers, It s cortemplated that the first layer formed
proximal to the top surface of the cell (e.g. In contact with the top surface 28, the top
slectrical collection structure 28 and the conductive elemeants 60) has a higher melting
temperature (Ty) than a second layer formed proximal to the first laver. It is
coremplated thal this configuration can provide the advantage thal a processing
temperatire can be selected such that the first fayer does not complstely melt during
heat treatment, but reaches sufficient temperature o cause adhesion of the first layer to
the top of the cell. This configuration prevents loss of contact of the conductive slements
with the top conductive fayer due to underflow of the encapsulant material between the
conductive elemeants and the top conductive layer during heat freatment. The prefered
thicknass of this layer 40 can range from about 0.1mm {o 1.0mm, more preferably from
about 0.2mm to 0.8mm, and most preferably from about 0.25mm o 0.5mm. For a
mudtilayer configuration, it is conceived that layer 40 should be comprised of different
fayers in which the differonce in melting temperature (T, I8 at lsast 10°C. The
processing temperature should be selected to be about 5°C or more less than the T, of
the first layer and at feast 5°C grester than the T, of the second laver. By way of
exampls, one such combination could be a first layer comprising of a polyolefin
thermoplastic material with a melt temperature in the range of 105-130°C amd a second
wyer comprising of an EVA copolymer type with a nominal melt temperature of 50-
1007, ‘

[0051] it = contemplated that "good” adhesion via adsaption of the encapsulant
layers to all surfaces being contacted is important to maintaining the integrity of the
encapsuiated assembly. As a general guide, adhesion forces measured for adsorption to
glass showld be greater than about 20 N/15 mm, more preferably greater than about S0
NAS mm and even more preferably greater than about 40 N5 mm. The adhesive
strength can be determined using a standard 180 degree pull fest as desoribed in ASTM
£3305-88.

Second Encapsulant Layer 50

{0082} in another example of an encapsulant layer, a second encapsulant faver 50,
is generally connectively located below the photovaliaic cell 20, although in some
nstances, it may dirsclly contact the first encapsulant layer 40, 1t is contemplated that
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the second encapsulant layer 50 may serve a similar function as the first encapstdant
layer, although it doss not necessarily need to transmit electromagnetic radiation or light
energy. Freferably, the second sncapsulant layer 50 is configured to kesp the plurality of
conductive elements 60 in slectrical cortact with the conductive substrate layer 22, In
the case that layer 50 is comprised of multiple layers, it is contemplated that the first
tayer formed proximal o the bottom surface of the cell (8.9, in contact with conductive
substrate layer 22 and the conductive slements 80) has a higher melting temperaturs
{Tm) than a second layer formed proximal to the first layer. 1t is contemplated that this
configuration can provide the advantage that a proceseing temperature can be selected
such that the first laver does not completely mslt during heat treatment, but reaches
sufficient temperaturs fo cause adhesion of the first layer o the bottom of the cell. This
configiration prevents loss of contact of the conductive elements with the conductive
substrate layer 22 due fo underflow of the encapsulant material between the conductive
elements and the top conductive fayer during heal treatment.

Examples

{00831 in the following paragraphs, five {8) examples of the present invention and
one (1) comparative example are presented.  The following examples are provided to
fiustrate the invention but are not intended  fimit the scope thereof.

Examples Generally

{00541 For the purpose of these examples, CIGS type solar cells {50 mm X 210
mim}, o stainless steel subsirate (8.9, conductive subsirate layer 22), are obtained from
Globat Solar inc, The cells are cut into smaller cefis 50 mm (L) X 25 mm "W™). A NiAg
grid {e.g. collection structure 28} is applisd o the top surface 28 of the cell onto the
transparent conductive layer (ITO). In this case thirly {30} lines spanning across the
farger cell dimension. The cells 20 are scribed down 1o the Mo layer (1223 near the edge
of the oells {e.g. from the ouler edge, inboard about 1.0 to 2.0mm). # is belisved that
use of such seribing s common in industry because of damage due from cutting the cell
20.

{0055} The symbols and short-hand notations herein are defined as:

Voo = voltage - open ciroult
lsc = current - short ciroult
FE = fill factor

Eff = afficiency

Hs = serlos resistance
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R = shunt {paraliel) resistance

P = Power {(watls)

Jse = current — short cirouit per unit area (mA/em®)

Example 1

[6058] Two cells with the grids shown in Fig. 7 were treated on all four edges with
polyimide {“kapton™®) tape {e.g. narcorductive layer portion 30} in such a manner that
it was wrappead around the edge and covered the scribe section on the top of the cell.
Three pieces of Ag-coated wire {30 AWG; ey, conductive slements 80) was then
applied o the surface of cell A and extended to the boltom of vell B, where the ends
ware aftached locally o the stainless steel substirate using kapton tape {prior to the
application of the encapsulants 40, 50}, In a similar fashion, three pleces of 30 AWG Sn-
coated wire were applied to the surface of celt A and extended beyond the cell edge.
The wires were applied in a direction perpendicular to the direction of the fingers of the
silver grid. No bonding material was used to attach the wire to the surface of the cells,
{although a small plece of tape may be used o hold the slements 80 in-place untll the
lamination process can ccour). The two cell assembly was then encapsulated betwesn
pisces of DNP PY-FS 268 polyethylens shest {e.g. encapsulants 40, 50 - not shown) of
400 wm thickness, on the top and bottors I such & manner that the bolom stainless
steel substrate of cell A and the wires that sxtended beyond cell B ware available for
stectrical connection via dlips. The DNF/solar cells/DNP assembly was then laminated at
180°C. Current/Voltage (-V) characterization data for cell A and cell B individually, as
well ag the interconnected assembly are displaved in Fig. 13,

Example 2

{0057} in this example, two {2) more cells 20 with grids were prepared and added o
the two {2} cells of example one (1), as llustrated in Fig. 8. The cells will be referred to
as celis © and DL The dala for these cells and © and D connected together ars
summarized in Fig. 13. Cell assembliss A+B and C+0 were then connected to each
other using the same methodeology to produce a four cell string.

[0058] A summary of the data for individual cefls &, B, © and D as well as
interconnected assemblies is shown in Fig. 13,

Example 3

§00591 fr this example, five (§) cells 20 with grids were preparad as in the previous
axamples. In this example, the celle 20 are assembled in top-to-botlom fashion using
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ten (10} Ag-plated Cu wires (30 AWG; e.g. conductive elements §0), as ilustrated in Fig.
8. Again, no bonding material was used to atisch the wire to the surface of the cells.
The cell 20/clements 60 assemblies are sncapsulated between pleces of NP PV-FS
£88 polyethylens sheet {encapsulanis 40, 50} on the top and bottom in such a manney
that the wires exiended beyond the adges of the end sells, The wires 60 were then
attached ¢ Sn-coated Cu bus bars ("BB”) via soldering using Sn/Pb solder. The
DNP/solar cells/DNP assembly is then laminated at 110°C. MV characterization data for
the individual cells and the intercornected assembly are displayed in Fig. 14

Example 4

{0080 in this example, five (8) cells 20 with grids are prepared as in example 3. The
cells 20 are assembled in top-to-bottomn fashion using except that the 30 AWG Ag-plated
Gu wire (elements 80) are substituted by 28 AWGE Sn coated Cu wire {elements 60) as
flustrated in Fig. 8. &V ‘charaf::terizétmn data for the individual cells and the
interconnected assembly are displayed in Fig. 15,

Example 8

08681} Three (3} five (§) cell assemblies are constructed in a similar fashion as
examples 3 and 4. In this example, the a grid design has fourteen (14) lines spanning
across the larger cell dimension are assembled in top-to-bottom fashion using sight {(8)
Sreplated Cu wires, 28 AWG as Hlustrated in Fig. 11, 1V characterization data for the
individual cells and the interconnected assembly are summarized in Figs. 17A-C.
Example & {comparative example)

i0082] A five cell Global Solar assembly that is interconnected using conventional
sting and b approach using conductive epoxy is characterized by -V measurement,
The stiing s then cut inlo five cells by culting the ribbon between cells and 1V
measurements are taken for each cell. The data summarized in Fig, 18 shows that the
performance of the string can be significantly poorsy than the individual calls, in contrast
to the data oblained for the colls connected by the method described hersin.

Examnple 7 {comparative sxampie}

{0083} Several five cell Global Salar assemblies interconnected using conventional
string and tab approach using conductive epoxy were characterized by IV
measurement, then were cut into five cells by cutling the ribbon betwesn cells as
describad in example 6. The 5 cells were re-assembied into strings using the approach
descoribed in Example 3 with sight 30 AWG -V measurements are taken for each cell.
The data summarized in Fig. 16 shows that the performance of the string can be
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significantly poorer than the individual cefls, in contrast to the dats obtained for the cells
connectad by the method described herein.

Mathod

{8064] it s contemplated that the mathod of assembling the photovoltaic cells 20 into
an assembly 10 is also inventive. It is contemplated that all the components described
above are provided and the assembly method wtilized to manuacture the assembly 10
include at least the following.

{0088} The first step may involve the application of the plurality of conductive
slemants 60 to the top surface 26 of each of the photovoltaic celis. Solar cells 20 can be
provided in batches or stacks and manually or automatically provided to an unloading
station. The solar cells 20 may alternatively be provided in the form of a continuous rofl
comprising a plurality of solar cells and separated from the roll just prior to assembly in a
step referred to as singulation. The singulated solar cells 20 can be provided in bins that
have besn sorted by photovoltaic perormance. The cells provided in the bins can be
manually loaded individually by an operator, or more preferably an industrial robot can
be used to pick individual cells from the bins and place in an inspection area. A vision
systemn can then be used o guide an industrial robot in the precision pick-up and
placement of the pholovoltaic cells onte a flattop vacuum conveyor in the proper
orienfation. In one embodiment, the vision system includes a camera that takes & picture
of the fop surface of the cell, which conveys information regarding the exact orientation
of the cell to the robot 5o that the robot can pick it up and placed it an the conveyor in a
pracisely positionsd oreniation.

{ouss] The cells 20 can then be moved along the conveyor, during which time the
non-conductive layer porion 30 can be applisd near one or both of the edges of the call
gither as a heat or UV-curable Bguid dislectric, or in tape form. § the non-conductive
fayer is applied in tape form, it is preferred that the tape be of the type comprising
adhesive on both sides, so that an adhesive surface is available to contact both the top
surface 26 of the cell and the plurality of conductive elements 80,

{00871 As the cells with the non-conductive Jayer portion 30 are transported down
the conveyor, the plurality of conductive elements 80 can be applied to the top surface
28 in a continucus form. The plurality of conductive elements can be securad to the top
swrfaces of the cell at both peripheral edyges using the adhesive properties of the norn-
conductive layer portion. § the non-conductive layer portion is 3 double sided adhesive
tape, the plurslity of conductive elements can be heip in place with the adhesive on the
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tape. if the non-conductive portions is a UV curable liguid dislectric, then the plurality of
conductive slements can be partially smbedded in the non-conductive layer portion. The
liguid dielectric can then be cured to secure the conductive elemsnts o the fop swiace
of the cells at both peripheral edges.

[ouss} The above process produces a continuous “string” of cefls with a plurality of
conductive elements confacting the top surface 28. The cells are separated by a
sufficient gap to allow for the desirsd length of the conductive slements o extend
veyond the trailing peripheral edge of sach cell. This length iz defined by the desired
overfap “C,° of the elements 80 on the conductive substrate jaysr 22 in the finished
product. The plurality of conductive elements can then be cut at the leading edge of
each solar cell to produce individual cells with a plurality of conductive slements
contacting the top surface 26 and extending beyond the tralling edgs of the solar cell,
The cutlling process can be carried out via a mechanical operation, such as using a nip,
or by using a laser {0 cut the wires at the specified locations.

{006y} Al the same fime that the “strings” of cells are being fabricated, similar
“strings” of buss or terminal bars can be fabricated in a similar fashion, whersin the
plurality of conductive slements are attached to a plurality of terminal bars via welding or
soldering. In a preferred embodiment, this process s caried out via laser welding. The
conductive elements are cut to produce a single teoninal bar with a plurality of
cenductive slements attached and extending in the tralling direction.

{6070} After the conductive elements are cul in the solar cell and terminal bar
processes, the lerminal bars with conductive elerments attached can be fransported via &
pick and place mechanism inte an interconnect arga, The interconnect area may cormain
a fixture for holding the second encapsufant 50. The terminal bars can be secured in
place. Then the cefls with conductive elements extending beyond the traiting edge can
be placed onto the second encapsulant layer such that the plurality of conductive
elements that extends beyond the tralling edge of the terminal bar contacts the back of
the first solar cell. A second cell can then be placed such that the plurality of conductive
elements extending beyond the trailing edge of the first cell contact the baok of the
second cell, This process is repeated until the desired number of colls are placed in the
imterconnected assembly. Then, a second terminal bar, without conductive alements
attached s secured in place on the second encapsulant. The conductive elsments that
extend beyond the trailing edge of the last cell are altached to the sscond terminal bar
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using soldering or welding. In a preferred embodiment this process is carmied out via
laser welding.

{0071} Following completion of the interconnested assembly with terminal bars
aftached al opposing ends, the first encapsulant 40 can be placed over the top of the
nterconnected assembly. The produet with first encapsulant layer, solar cells, plurality of
conductive slemeants and terminal bars is laminated, for example in a vacuum laminatar,
and thus the assembly 10 is complete.

{00721 Unless stated otherwise, dimensions and geometries of the various structures
depicted herein are not intended to be restrictive of the invention, and cther dimensions
or geometries are possible. Plural structural components can be provided by a single
integrated structure. Alternatively, a single integrated structure might be divided into
separate plural components. In addition, while & feature of the present lnvention may
have been described in the context of only one of the Rustrated embodiments, such
teature may be combined with onie or more other features of other embaodiments, for any
giver application. it will also be appreciated from the above that the fabrication of the
unigue structures herein and the operation thersof also oconstitule methods in
accordance with the present vention.

(0073} The preferred smbodiment of the present invention has been disclosed, A
parson of ordinary skill in the art would realize however, that certain modifications would
come within the teachings of this invention. Therefore, the following claims should be
studisd to determine the true scope and content of the invention.

[0074] Any numerical values recited in the above application include all values fram
the lower value 1o the upper valus In increments of one unit provided that there is 3
separation of at least 2 units between any lower value and any higher value. As an
example, if it is stated that the amount of a component or a value of a process variable
such as, for example, temperature, pressure, time and the like is, for example, from 1 to
90, preferably from 20 fo 80, more preferably from 30 o 70, # is intended that values
such as 15 1o B5, 22 v 68, 43 to 51, 30 fo 32 oo, are expressly enumerated in this
specification. For valies which are less than one, one unit is considersd to be 0.0001,
0.001, 0.01 or 0.1 as appropriate. These are only examples of what is specifically
intended and al possible combinations of numerical values betwsen the lowest value
and the highest value enumesrated are to be considered 1o be expressly stated in this

application in a similar manner,
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{00751 Unless otherwise stated, all ranges include both endpoints and all numbers
between the endpoints. The use of “about” or “approximately” in connection with a range
applies to both ends of the range. Thus, “abowt 20 to 307 is infended to cover “about 20
to about 307, inclusive of at least the specified endpoints.

(o078} The disclosures of all articles and references, including patent applications
and publications, are incarpcn:ate:ci by reference for all purposes.,

{077 The term “consisting essentially of to describe a combination shall includs
the elements, ingredients, components or steps identified, and such other elements
ingredients, componsnts or steps that do not materiaily affect the basic and novel
characteristics of the combination.

{0078} The use of the terms “comprising” or Yncluding” describing combinations of
slements, ingredients, components or steps herein also contemplates smbodiments that
consist essentially of the elements, ingredients, components or steps.

{0078} Plural elements, ingredients, components or steps can be provided by a
single integrated element, ingredient, component or step. Alternatively, a single
integrated slement, ingredient, component or step might be divided into separate plural
elements, ingredients, components or steps.  The disclosure of “a” or “ong” to describe
an elsment, ingredient, component or step is not intended to forsclose additional
glements, ingredienis, componants or steps. All references herain o slements or metals
balonging to a certain Group refer o the Periodic Table of the Elements published and
copyrighted by CRC Press, Inc., 1988, Any reference 1o the Group or Groups shall be to
the Group or Groups as reflected in this Pericdic Table of the Elements using the IUPAC
system for numbering groups.

List of Eloment Numbers

photovoliaic cell assembly 10

photovaliaic cells 20

cordductive substrate layer 22

photoactive layer 24

top surface 26

collection structure 28

non-conduetive layer portion 30

first encapsudant layer 40

saecond encapsudant layer 50

conductive slemeant 80
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one end 82 of the conductive slement 80
opposing and 64 of the conductive element 80
back contact layer 122

CulnGaSe(S) absorber layer 124

buffer layer 126

window fayer 128

transparent conductive layer 130
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CLAIS

fhedasoilo e

What is claimed is:
1. A photovoltaic cell assembly comprising:
& plurality of photovoltaic cells comprising:
& phiotoactive portion sandwichsd batwean;

& top electrically conductive structurs on some regions of & top surface of

the photoactive portion leaving exposed top surface on other regions; and
an opposing conductive substrale fayer;

wherein at least a portion of a peripheral edge portion of the cells include a non-

conductive layer portion;
a plurality of conductive elements;

a first sncapsulant layer in contact with the top electrically conductive structure and the

exposead top surface of the photoactive portion; and
a sgeond encapsulant layer in contact with the opposing conductive substrate layer;

wherein one end of the plurality of conductive elements confact the top electrically
conductive structure and the exposed top surface and an opposing end of the plurality of
conductive slements contact the conductive substrate Jayer of an adjacent photoveltaic
cefl and both ends are held in contact to the csll fayers by the respective encapsulant
iayer,

2. The photovoltaic cell assembly according to claim 1, wherein the collection struchure
comprises 4 senes of substantially paralie! lines of a material with lower shest resistance
than the gxposed top surface.

3 The photovoltaic cell assembly according fo olaim 2, wherein the sories of
substantially parallel lines is generally perpendicular to the direction of the plurality of
conductive elements,
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4. The photovoltaic assembly according to any of the preceding claims, wherein the
numiber of conductive elements and the cross section width of the conductive alements
s selected so that a total power loss due  line resistance of the conductive elements

and the shading of the conductive elements is less than 6% aceording to the equation:

Total power toss = [power loss due fo shading] + [power loss due o resistive line

losses]
= [{pUmI{AY(VIAN + [n{/){(d)]

where p is the resistivity of the conductive element, | is the cument generated by
the PV device, n is the number of conductive elements, /is the length of the
conductive elements, V is the voltage generated by the PV device, A is the cross
sectional area of the conductive slements, [ is the length of the conduntive
slemernt that covers the top surface of the PV cell and d is the diamester of the

conductive element,

5. The photovoltaic assembly according to claim 4, wherein the power loss contributed
by shading is between 30-70% of the total power loss caused by shading and resistive

loszes,

8. The photovoltale assembly according to any of the preceding claims, whersin the
cross section width of the conductive elements is greater than the thickness of the first
and second encapsulant layer,

7. The photovoltaic assembly according to any of the preceding claims, wherein a cross
section widih of the conductive elements is less than 0.5 mim and greater than 0. tmm.

8. The photovoltaic assembly according to any of the preceding claims, wherein the
conductive elements are connectsd 1o terminal bars at both ends of the assembly.

8. The pholovoltaic assembly of any of the preceding claims, whersin the first
encapsulant layer and the second encapsulant laver comprise multiple layers, wherain
the first layer proximal to the top and bottom cell surfaces s a thermoplastic material
with & higher melting point than the subsequent layers,
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10. The phatovoltaic assembly according to any of the preceding claims, wherein the top
surface comprises a transparent conductive oxide.

11, The photovoltaic cell assembly of any of the preceding claims, whereln the
photovoltaic cell assembly comprises &t least five photovoliale cells and at least three

conductive elements,

12. The photovoitaic cell assembly according 1o any of the preceding claims, wharsin an
overiap of the conduclive elements on the conductive substrate laver is at least 2.0mm
i fength.

13, The photovoliaic cell assembly of any of the preceding claims, wherein the non-
conductive layer portion comprises a liguid dislectric that is cured via UV radiation.

14, The photovoltaic cell assembly of any of the preceding claims, wherein the first
encapsiiant layer, the second encapsudant layer, or both comprise at least a first and &
second layer, wherein the first laver has a higher melting temperature (T,.) than the
second fayer.

15. A method of forming & photovoltaic assembly comprising the steps ob
providing a first encapsulant layer and a second encapsulant layer,;
providing a series of substantially parallef conductive elements:

providing a plurality of photovoltaic cells comprising a photeactive layer, an
opposing conductive substrate layer and a top conductive layer camprising both

a transparent conductive layer and a collection structure;
connscting the plurality of photovoltale cells in top-to-bottom fashion

wherein the collection structure comprises a series of substantially paralie!l lines
and a peripheral edge portion of the cells include a non-conductive layer portion
and one end of the plurality of conductive elements contact both the transparent
condustive layer and the collection structure and an opposing end of the plurality
of conductive elsments contact the conductive substrate faver of an adjacent
photovoltaic cell and both ends are held in contact to the cell layers by the
respective encapsutant layer,
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