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Thin film solar cell and photovoltaic string assembly

FIELD OF THE INVENTION

The present invention relates to & thin film solar cell, also calied photovoltaic slement, in
particular in strip-like form, a photovoliaic siring assembly comprising at least two solar
cells according to the inveniion, a methad of manufacturing & solar cell aceording to the
mvention, 3 method of electrically connecting at least two solar cells gecording to the
invention and a method of producing a string asserubly comprising the solar cells of the
tvention.

DESCRIPTION OF THE RELATED ART

Currently orystaliine silicon technologies are the most commen ones hence the market for
photovoltaic solar cells and panels s still dominated by erystalline silicon products. In
these technologies solar cells with a thickness of approx. 0.3 mm were manufactured on
small arsas of 0.03 n. The electrical joining of these cells in a separate process results in
the creation of large surfaces. Unfortumately these products are expensive because of the
high consumption of silicon and the complex manufhcturing processes, New technologiss,
especially tow-cost thin film technologies, are expected to gain an increasing share of the
market in the coming years. These concepts use a different procedure to produce solar
modules at far lower costs, In these procedures, in general, solar cells of only fow um in
thickness are deposited directly onto large surfaces, mainly glass, and then parts of them
are connected in series by inling cutling processes. A uniform deposition of the individual
metal and semiconductor layers over the whole surface is & decisive prevequisite for
homogeneous photoelectric properties. The current developments show that long periods
of times are needed to adapt the processes developed in the laboratory on module greas of
approx. 1) em® to larger ones. Larger surfaces need new parameter seis and the number of
inhomogeneities increases which causes a lower efficiency. The size of the vacuum coating
instaliation defines the size of the solar panels, and any increase in size PRGUITES NEw
production installations and new optimization of all process parameters,

The thin film CISCuT technology, also called CIS {copper indium seleniumy/sulphur} on
Cu Tape, now offers the possibility to produce solar modules at a far lower cost than those
from crystalline silicon and to overcome the specific difficulties of the common thin Slm
concepts such as large-area homogeneity and long terms and high investments for scaling
up. CISCUT s a reel-to-reel technology, working in a series of mainly non vacuum
processes, treated on metal foils of | om in width, vielding a quasi endless solar cell tape.
Mechanically flexible, oniform anthracite-like colored solar laminates will be produced by
inferconnecting the overlapped tape stripes and by embedding same into functional foils, In
this thin film concept, the equipment for the solar cell production is fully independent on
shape and size of the solar modules. Changes in module sizes do not nesd any changes or
up-scaling of the production eguipment.
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Thin film solar cells comprising a carrier, 8 back electrode, an absorber layer, possibly a
buffer layer, and a front electrode and having a potential barrier are known, These solar
cells all require a p-n or 2 p-i-n junction which is based on the materials used in order to
obtain the solar cell

A set up for the fabrication of quast ondless solar cells in consecntive real-to-reel processes
and assembling afterwards modoles from these cells s eg. deseribed in Giildner, R,
Penndorf, J., Winkler, M., Tober, O, 2000 Flexble, Polymer Encapsulated Solar Modules
— & MNew Concept for Cu-In-S Selar Devices Produced by the CISCuT Technology Proc,
tath BPSEC, Glasgow, UK, pp. 2289 — 2292, The basic steps of the production of solar
cells i3 e.g. described in M. Winkler, 1, Griesche, 1., Konovalov, L; Penndorf 1., Wienke,
§., Tober, O, “CISCuT - solar cells and modules on the basis of CulnS2 on Cu-tape”,
Solar Energy 77, 2004, pp. 705 716 and M. Winkler, J., Griesche, 1., Konovalov, L,
Penndort ., Tober, G, “Design, Actual Performance, and Electrical Mability of CISCuT-
Based Quasi-Endless Solar Cell Tapes”, Mat. Res. Soc. Symp. Proc 2001, pp. 668,

DE 196 34 580 describes thin film solar celis which are based on the CIS {copper, indium,
selentumy/sulphur) technology. In DE 190 34 S8C the solar cells are produced by providing
a carrier made of copper which is coated with indium, gallium or mixtures thereof
Subseguently, the coated carrier is contacted with selenium andfor sulphur in order to build
the absorber layer. The thus obtained absorber laver may be of the IS type. These I8
type absorber fayers are v-conductive and therefore require a certain front electrode in
order to ensure the presence of the n-p junction in the solar cell, On top of the absorber
layer, a front clecirade made of g p-conductive transparent matenial, such as copper {§)
oxide, 18 applied.

EP 1 052 702 discloses thin film solar cells based on Iv/lHa/Vis compounds and a process
for their preparation. The absorber fayer in these cells is g polyerystalline layer made from
a heterogeneous muxture of two I ilia/Via compounds which are stapled over each other,
i.e. the absorber laver comprises two distinet absorber lavers. The absorber layer in this
assembly additionally shows a potential barrier in ifs volume and has a p-conductive
matenial on the surface.

EF 1 053 703 discloses thin film solar cells based on Ib/Hia/Yia compounds and z process
for their preparation. The back electrode in these solar cells 13 made of intermetailic phases
of the same Ib and [Ha metals which are used in order to produce the absorber layer.

it 15 also known to assemble these solar cells to photovoliaic modules which are then used
to produce eleciric energy. DE 100 20 784 discloses one possible way o assemble these
solar cells into modulss, whersin several groups of solar cell connected in series, are
arranged in such g way that these groups are connected in parallel. In order to achieve this,
the back electrode of a first solar cell of each group is electrically connected with the back
electrode of the tast solar cell of gach group of solar cells.
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Such solar cells and the modules assembled therewith have the disadvantage that due to the
production process the Iateral edges or sides thersof will have an undefined structure which
might lead to problems with regard to the efficacy of the solar cells, in particular when
assernbling same info modules. In thin film golar cells the absorber layver is only some
microns in thickness, and therefore the front and back electrode also only have a distance
in the thickness of the sbsorber layer. If the thin film solar cells are first produced as a
quasi endless strip or hand and then cut into separate solar cells, another problem is that
additionally at the locations of cutting again undefined structures may be produced. These
undefined structures may be a smearing of the front clectrode and/or the back elecirode
aver the side of the solar cell which can result in s divect connection of the front and the
back electrode. I the front electrode and the back clectrode are, however, directly
connected, a short circuit is the consequence leading fo a loss of efficiency of the solar cell,

Omne sugpestion 1o overcome these problems is described in WO 00/62347 in that a solar
cell is provided with an absorbing layer which is arranged on a flexible and band-shaped
support. The absorbing laver 18 at least partially provided with components of copper and
is provided with at least one element from the group of indium and galliom and with at
tpast one element from the group of selenium and sulphur and is at least partially embodied
as p-fype. The absorbing fayer is at least partially deposited on the support in a plating
manner, An isolatmg layer can be coated on the support so that defined, uncoated areas,
onto which the absorbing layer will be applied, are obtained. The areas onto which the
absorbing layer is applisd will eventually form the solar cells. After the production
process, the band 15 cub wnto discrete solar cells at the locations where the isolator was
coated onto the support. However the edges betwsen coated and uncoated areas may still
have undefined structures, in particular a direct contact between the fromt and back
electrode.

Additionally, due to the culting process according to WO 00/62347, apgain undefined
structures are introduced at the edges or sides of the solar cells and the isolator cannot
serve as an electrical barrier between the layers,

Due to production varistions undefined structures may furthermore be present at locations
difforent from the edges or sides of the solar cells which may also cause problems with
regard 1o the efficacy of the solar cells. Such undefined siroctures may lead to problems
with regard to the efficacy of the solar cells as they may cause short circuils or similar
defects within each solar cell or between solar cells when assembled into modules. In
particular, such undefined structures may be due to manufacturing imprecision in that the
avers are not equally applied over the whele area. Therefore, the front electrode may coms
into direct contact with the back electrode andfor the carrier at other locations on the solar
cell than the edges or sides thereof and, thus causing a short circuit at these locations. Such
locations are also call “shunta”.

If the production of the solar cell is conducted starting with a carrior and then applying the
various layers upon each other and af the end the front electrode, the front clectrode might,
due to production varniatien, not only be applied on top of the last laver but also on the
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edges or aides thereof, Therefore, the front electrode might come into direct contact with
the back electrode and/or the carrier. Therewith the efficacy of the solar cell 1s impaired a5
the Ipcations al which the front electrode is in contact with the back electrode and/or the
carrigr will cause short circuits.

Additionally if a long strip-like solar cell is cut into discrete solar cells of a desired length,
also at the cutling edges the front electrode might come into direct contact over the culting
edge because the front electrode might “smear” over the edge during cutting due to its low
hardness,

Therefore the problem underlying the invention 18 fo provide a solar cell which overcomes
the above problems, in particular in which undefined struchires are not present andfor it
effect{s} are abolished and which have g high efficacy.

Ancther problem underlving the mvention 18 o provide a siring assembly of solar cells
according to the invention which overcomes the sbhove problems when elsctrically
connecting the selar cell, in particular which has a high output of ¢lectrical energy. The
solar cells sccording to the tnvention have a high efficacy because the ocourrence of short
circuits over the edges or within the solar cells is substantially avoided.

Another problem underlving the invention is to provide an sconomical and dependable
process for the production of solar cells and the string assemblies made there from,

The sclutions of these problems are thin film solar cells, photoveliaic string assemblics
comprising same, a method of manufacture of the solar celle and the siring sssemblies
according o the claims.

SUMMARY OF THE INVENTION

in a brief description the invention relates (o 8 thin film solar cell {10} comprising an
efectrically conductive carvier {1}, 3 back electrode {2} which s directly on top of said
carrier, an absorber layer {3} and a front electrode {4} wherein

the front clectrode {4) is divided into at loast two parts {7, &) wherein at loast one part (¥)
of the front elecirode of the solar cell i3 isolated from the electnically conductive carrier
and the back electrods and at least ope sscond part {7) of the front slectrode that is
glectrically not isolated from the olectrically conduetive carrier and the back electrode of
said solar cell, and preferably additionally comprising at least one electrically isolating
structure {0} proventing direct clectrical contact of the electrically conductive carmier {1)
and the hack elecirode (2} of said first solar cell, usaally via the front clectrode {4}, in
particuior via st least one second part (7}, with an slectrically conductive carnier {17 and/or
a back electrode (27} of a second solar cell (107) when brought into contact with the front
electrode {4} of 3aid solar cell {10}
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in general, the incidence of light in order to produce slectrical energy in the solar cells of
the invention is from the side of the front electrode on top of the solar cell, in particular via
the at least one part {8). Thus, the general structore of the solar cells according to the
invention, stariing from the side of the incidence of light on the splar cell, comprises in the
following sequence a front electrode which is transparent in order o allow light to shine
throngh and to collect and to conduct the elecirical snergy produced, an absorber laver
forming the photoactive diode which serves the purpose to absorb the light and transform it
o elecinical energy, a back olectrode which is the counter slectrode for the front electrode
and an electrically conductive carrier which is the mechanical carrier of all layers and will
also serve the purpose to conduct the electrical energy collected from one solar cell to
another if conneected.

The division of the frond electrode in the solar cells of the invention will have the effect
that the solar cells will comprise part {8} of the front electrode which is isolated and at
least one part (7}, preferably at lvast two parts {7} and {7} of the front slectrode which are
not solated from the back electrode and the electrically conductive camrier. Thus, the active
sofar cells of the invention will not have undefined structures on the edges thereof, 1e. the
stfects of such undefined structures are abolished. Consequently, no short circuits between
different layers of the solar cell in use will occur. In particular the division of the frond
electrode will prevent an electrical connection of that part {(8) of the front elecirode that
serves to collect and to conduct the electrical energy produced during use and the back
glectrode and/or the conductive carrier. Therewith short cirouits within one selar cell by the
direct connection of front electrode and back electrode and/or electrically conductive
carrier are pravented,

Preferably, the selar cells of the invention addiBionally comprise ai least one isolating
structure (&), This at least one isolating structure (6) m the solar celly of the invention will
have the effect that an electrical connection between the back electrode and/or the
conductive carrier of a first solar cell {10} and the back electrode andfor the conductive
carrier of a second solar cell {10} which is brought into contact with the first sedar cell is
prevented. Such an electrical contact without an isolaling structure {6) might ocour due
the presence of undefined structures at the edges of the solar cell, in particular parts of the
front electrode which extend over the edges of the solar cell due to the production process,

The provision of the division of the front electrode resulting in a part (8) of the front
clectrode which is electrically isclated from the back electrode and the electrically
conductive carrier and optionally an additional isolating structure {6} in the solar cell will
have the advantage that on the one hand pndesirable electrical connections between lavers
within one solar cell and on the other hand between two solar cells brought into eleciricsl
contact with each other are avoided.

Additionally the invention relates to a photovoliaic string assembly {15} comprising at least
two solar cells {14, 107} according to the invention elecirically connecied in series, wherein
the front electrode of a first solar cell is connected 0 the elecirically conductive carrier
and/or the back slectrode of 8 second solar cell.
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Furthermore the invention relates to a method of manufacturing a solar cell according fo
the invention comprising the steps of

a} providing a solar cell (10} comprising an electrically conductive carrier {1), a back
glectrode (2}, an absorber layer (3, optionally an buffer layer on top of the absorber
taver and a front electrode (4);

by dividing the front electrode (4} into af least two parts {7, 8} for elecirically isolating
at least one part (8} of the front electrode (4) of the solar cell from the slectrically
conductive carrior {1} and the back electrode (2} and providing at least one second
part {7} of the front electrode (4) that is electrically not 1solated from the electrically
conductive carrier {1} and the back elecirode (2) of said solar csll, or dividing the
front electrode (4} preferably into at least five parts (7. 77, & 16, 18 for
clectrically isolating at least one part {8} of the front electrode {4) and providing at
ieast four parts (7, 7, 16, 187} of the front electrode (4) that are electrically not
isolated from the electrically conductive carvier {1} and the back electrode (3) of
said solar cell and

¢} optionally providing an at least one slectrically isolating structure (6) in order to
prevent direct glectrical contact of the electrically conductive casrier (1) and the
back electrode (2} of said solar cell and an elecirically conductive carrier {17} and
the back electrode (27) of 4 sccond solar cell (10°) brought into contact with the
front electrade {4} of said solar cell (104

Addinonally the invention relates 1o a method of electrically connecting at least two solar
cells of the invention comprising the steps of providing a first solar cell (18) according to
the invention, providing a second solar cell (10°) according o the invention, and
clectrically connecting the front slectrode of the first solar cell with the back electrode of
the second solar cell via the clectrically conductive carrier to build a photoveoltaic string
assembly.

Additionally the invention relates o 8 method of electrically connecting at least two solar
cells of the invention by comprising the steps of providing & first solar cell according to the
invention, providing a second solar cell according to the invention, and electricslly
connecting the front electrode, in particolar part (8) thereof which 1§ electrically isolated as
described above, of the first solar cell with the back electrode of the second solar cell via
overlapping of second solar cell to first solar cell, 1.e in an imbricate manner.

Finally, the wvention relntes to a method of producing a photovoltaic string assembly
comprising at least two solar cells according of the invention comprising

iy providing a fivst solar cell {10} by conducting a process comprising the steps of

11} providing an slectrically conductive carrier (1);
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optionally cleaning the electrically conductive carrier {1}
applying a back elecirode (2} on the conductive carrier (1)

applving an absorber layer {3} on the back electrode {2} and optionally removing
material not being part of the absorber layer on the surface and optionally annealing
the absorber fayer (3Y;

optionally applyving a buffer layer on the absorber layer (3) and optionally cleaning
the surtace of the butler layer; and

applying a front electrode (4} on the absorber layer o, if present, the buffer Jayer
and

optionally cleaning the electrically conductive carmier (1

dividing the front electrode (4) into at least two parts {7, 8) by removing parts of the
front electrode {4) along at least one edge thereof,

in partieular optionally dividing the front electrode {4} into at least five parts (7,77,
8, 16, 16" provided by grooves {5, 57 and 57 and 577"} preferably by partially
rermoving the front slectrode, preferably the front elecirode and the buffer layer, if
present, via laser

optionally passivating at least one shunt {12) by romoving parts of the front
glectrode af the area of the shunt {12}, therewith creating at least one part of the
front electrode {13} which i3 located around the shunt and isclated from the rest of
the front electrode (4}

optionally removing at lzast part of part {7} of the front slecirode (4} in order to
eliminate an electrical contact between part {7} of the front electrode and the back
electrode and/or the electrically conductive carrvier;

optionally removing particles and superficial parts of the buffer layer from the
surfaces of the solar cell;

applying at least one isolating structure {6} by applving at least once electrical
isolator on top of the front electrode (4) on {0 at least part {7) which is elecirically
not isolated from the electrically conductive carrier (1) and the back electrode (2

optionally applying at least one additional isolating structure {6°} by applying at
least one electriesl 1solator on top of the back electrode (2) and/or the clectrically
conductive carricr {1}

ol
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optionally applying at least one additional structure {14} by applying at least one
slecirical isolator at least on top of the part (13) of the front electrode (4);

optionally applying at least one additional structure (147} by applving at least one
ciectrical isolstor at least on top of the part {16} of the front electrode (4);

providing at least one clectrically non-conductive sheet of high optical transmission
and mounting a fivst solar cell {10} with it frond electrode thereon;

applying a conduetive adhesive (9) on part of the back slectrode (2} andfor
slectrically conductive carrier (1} which will be brought into elecinical contact with
that part {8"} of the front elecirode of 3 second solar cell (107} which is clectrically
isolated fromm the electrically conductive carvier {17} and the back slectrode {27) of
the front electrode (47} of a second solar cell {107} when assembled;

providing a second solar call (107} and connecting the back electrode {3} andfor
clectrically conductive camier (1) of the first solar cell (10} via the conductive
adhesive {9} with part (87} of the front electrode {47} of the second solar cell (1077
and

optionally repeating steps i) to u) uniil the desired number n of solar cells i3
connected in series, whersin n is an integer between 2 and 250, preferably between
6 and 50;

optionally curing the series of electrically connected solar cells;

providing an electrical contact o the electrically conductive carrier {1} of the last
solar cell in the connected series and providing an electrical contact to the
electricatly conductive carrier of the first solar cell in the connecied series so that n-
1 solar ceils are active; and

optionally conducting an efficiency test and selecting connected series that pass the
test

In geners! the solar cells according to the invention may be prepared by a so-called roll-to~
roll process which involves the use of long strip-like carriers which are processed in a
quasi-continuous way by sequentially applying the additiomal layer up fo the front
electrode thereon with optional intermediate steps as described above,

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 shows a cross-section of an embodiment of the strip-like solar cell of the invention
i the direction perpendicular to the lonpitudinal axis of the solar cell with the front
electrode being divided into three parts by two grooves along the side of the solar cell and
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two tsolating structures in the form of isolators applisd on top of the front electrode and on
top of the electrically conductive carrien;

Fig. 2 shows a cross-section of g solar cell aceording o Fig. | at a different location than
Fig. 1, in the direction perpendicular o the longitadinal axis of the solar cell with a shunt
and three isolating structures;

Fig. 3 shows a top view of an embadiment of a past of the solar cell of the invention
showing two grooves along the side of the solar cell and two isolating stroctures and a
passivated shuni;

Fig. 4 shows a top view oF an embodiment of & part of the soler cell of the mnvention before
separating two solar cells by cuiting along hne C with fow grooves and two isolating
structures, wherein only the two solar cells are shown partiaily:

Fig. 4a shows another top view of an embodiment of a part of the solar cell of the
invention before separating three solar cells by cutling along line C with four grooves and
two isolating structures, wherein one solar cell is shown completely between the two
cutting lines C and the other two solar cells are shown partially;

Fig. 5 shows a cross-section of an embodiment of a photoveltaic string assembly of the
invention showing the assembly and serial connection in imbricate form of two solar cells
according to Fig. 1,

Fig. & shows a cross-section of another embodiment of a photovoltaic string assembly of
the invention showing the assembly of two solar cells according to Fig. 2:

Fig. 7 shows a top view of a siring of solar cells forming a photovoeltaic string assembly;
DETAILED DESCRIPTION OF THE INVENTION

The general siructure of the solar cells according o the invention is, starling from the
lowermost side A as shown in Fig. 1 of the solar cell, an electrically conductive carrier 1, 2
back electrode 2, an absorber layer 3 forming the photoactive diode and on fop B of the
sofar cell, 8 front electrode 4 in this sequence. Optionally, a buffer Iaver can be present
between the absorber layer 3 and the front electrode 4. The incidence of light is from side
B.

in the preferred embodiment sccording to Fig. 1 the invention relates to a thin film solar
cetl 10 comprising an electrically conductive carrier 1, a back elecirode 3 which is divectly
electrically connecied to and located on top of said camier |, an absorber laver 3 and 2
front electrode 4. In the solar cell according to Fig. 1 the front electrode (4) is divided into
three parts 7, 77, 8 by two grooves 5. 87 which are provided for glectrically isolating af least
part § of the front clectrode 4 of the solar cell from the electrically conductive carrier 1 and
the back electrode 2 and therewtith obtaining at least one firsf part § of the front elecirode 4
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that s elecirically isolated from the electrically conductive carvier 1 and the back elecirade
2 of said solar cell and at least two second parts 7, 7" of the front electrode 4 that are
electrically not isolated from the elecirically conductive carrier 1 and the back electrode 2
of said solar cell. Additionally, the solar cell 10 contains two isolating structures 6, &°
which may be in the form of an isolating coating on top of the front electrode 4 and on top
of the electrically conductive carrier 1. The isolating structure & on top of the front
glectrode 4 is capable of proveating divect elecirical contact of the slectrically conductive
carrier | and the back electrode 2 of said solar cell 10 and an electrically conductive carrier
1" andfer a back electrode 27 of a second solar cell 10 (not shown in Fig. 1) intended o be
brought into contact with the front elecirode 4 of said solar cell 10 at at least that part of
part 7 of the font electrode 4 that is elecirically not isolated from the slecirically
conductive carrier 1 and the back electrode 2 of said solar cell 10 The isolating structure
& on top of the electrically conductive carrier is capable of additionally preventing ap
undesired electrical contact between the slectrically conductive carrier 1 of the solar cell
10 and the part of the front electrode of a second solar cell {not shown in Fig. 1} which is
net isolated from the back electrode and the slectrically conductive carrier of the second
solar cell when brought into contact with the electrically conductive carrier of the solar cell
according to Fig. 1. It is to be understood that the invention also relates to the case in
which only groove 3 and/or one isolating structure § or & s provided. This may be the
case if e.g. undefined structures would be present or expecied at only one edge of the solar
cell,

in g preferred embodiment of the invention the at least one isolating structure & covers at
least part of the at least one second part 7 of the front electrode 4 that is electrically not
isolated from the electrically conductive carrier 1 and the back electrode 2 of said solar csli
i0.

In ancther preferred embodiment of the invention the at least one isolating structure §
commpletely covers the at least one seoond part 7 of the front elecirode 4 that i elecirically
not isolated from the glectrically conductive carrier 1 and the back electrods 2 of said solar
cell 10 and that i3 adapted to be brought into contact with the electrically conductive
carrier {17} and the back electrode (27 of a second solar cell 107,

In a further preferred embodiment of the invention the solar cell comprises an at least one
additional 1solating structure &7 being adapted for additionally preventing divect slectrical
contact of the elecirically conductive carmer 1 and the back electrode 2 of said solar cell 10
and that part corresponding to part 7 of said solar cell of the front elecirode 4 of a second
solar cell that is elecirically not isolated from the clectrically conductive carrier and the
back clectrode of said sacond solar cell.

fn an additional preferred embodiment at least one additional solating structure 8° covers
at least part of the electrically conductive camier 1,

In another preferred embodiment at least one isolating structure 6 completely covers at
least that part of the back electrods | of the solar cell 10 that is adapted o be brought into
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cordact with that part of the front electrods corresponding to part 7 of the front electrode 4
of a second sclar cell that i3 electrically not isolated from the elscirically conductive carrier
and the back electrode of sald second solar coll. Additionally at least part of part 8 of the
front electrode in Fig, 1 is intended to be brought into conlact with the back electrode 2
and/or the conductive earrter 17 of the second solar cell 18 1n order to provide an assembly
in series of the two solar cells.

in a preferred embodiment of the solar cell 10 according fo the invention, the elecirically
conductive carrier 1 comprises a material selected from the group consisting of metal
strips, electrically conductive polymers, copper, stainless siesl, steel, nickel, chromium,
titantum, molybdenum and mixtores thereof, B is particularty preferred that the glecirically
conductive carrier | comprises copper, in particular it consist of copper, The elecirically
copductive cammer 1 is additionally flexible in order to provide a flexible solar csl)
produced there from.

in a preferred embodiment the solar cell 10 according to the invention comprises a back
slectrode 2 comprising 3 material selected from the group consisting of copper, indium,
gallium, zing, silver, nickel, molybdenum and mixtures thereof, in particniar copper and
mdium. In a2 particular preferred embodiment, the solar cell comprises an electrically
conductive carrier 1 comprising or consisting of copper onte which indium is applied by a
galvanic process and therewith producing a layver of copper/indium. Thus an elecirically
conductive carrier 1 in direct electrical contact with a back electrode 2 is obtained. It is o
he understood in the context of the invention that the clectrically conductive carrier 1 and
the back electrode 2 may, in a preferred embodimnent, be formed in one layer.

in a preferred embodiment the solar cell 10 according fo the invention comprises an
absorber layer 3 comprising 8 material comprising IWIilia/Via element semdconductors, in
particular wherem the b element is copper, the [lla clement is sclected from the group
consisting of Ga and In, in particular In, and the Via element is selected from the group
consisting of 8§ and Se, in particular 8. In g preferred embodiment, the absorber laver 3
comprises Cow/In/S. The absorber layer 3 way be formed by heating the laminate of the
eloctrically conductive carrier | and the back clectrode 2 and bringing the heated laminate
mto contact with sulphur vapor, In a parficularly preferred ambodiment, the absorber laver
corresponds to the absorber layer as described in EP 1 052 702, In particudar, the absorber
layer 3 comprises a first polyverysialline, temnary phase of the n-conductive type and a
second ternary phase of the p-conductive on the surface thereof which faces the incidence
of light. In this preferred embodiment the absorber laver 3 shows a potential barrier in the
volume,

in a preferred embodiment of the solar cell {0 acconding to the invention, the fromt
electrode 4 comprises a fransparent conductive oxide (TCOY, preferably sslected from the
group consisting of Zn0, Sn0 and Indiumtinoxid (ITO), optionally doped with Al Ga,
amdfor F.

11
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In g preferred embodiment the solar cell 10 according fo the mvention comprises
additionally between the absorber laver 3 and the font slectrode 4 2 buffer layer {not
shown in Fig. 1) which preforably comprisos a material comprising an n-semiconductor or
an p-semiconductor, preferably selected from the group consisting of I/VH slement,
Yia cloments, [b/Via elements, VHb/Via clements and mixtures thereof, in particular
selected from the p-type group consisting of Cul, Cup O, T8, wherein x 15 betwesn § to
1, or n-type group consisting of Cd8, ZnS, Zn0 Zo{OH) MnO and mixtures thereof

in a particular preferred embodiment, the dectrically conductive camier comprises copper,
the back elecirode comprises copper and indium, the absorber layer comprises copper,
indium and sulphur, the buffer layver comprises Cul and the front clectrode Za0. The solar
cell 10 according to the invention is preferably in a strip-like form, 1w particular having a
breadth from about 3 to about 400 mm. in particular abowt 5 mm to about 15 mm,
preferably about 5 mm o about 8 mro, in particular 10 mm, in breadth and from about 0.1
m to sbout 3 kim iy length,

Ag shown in Fig. | the solar cell 10 according fo the sovention preferably compnses a
groove 5 dividing the front slectrode 4 of the solar cell 10 which is provided by partially
removing the front elecirode 4 near the edge of the solar cell so that there s no direct
electrical contact between the part 7 and the part § of the front electrode 4 and therewith
electrically isolating the part § of the front electrode 4 and the conductive carrier | togsther
with the back electrode 2. As also shown in Fig 1 il is preferred that the solar cell 10
according to the invention comprises two divisions of the front electrode 4 by two grooves
5 and 5 which are provided by partially removing the front electrode 4 near two opposite
edges slong the lengh of the solar cell 10 so that there 15 no direct clecirical contact
hetween the parts 7, 77 and the part 8 of the front elecirode 4 and therewith slectrically
isplating the part 8 of the front electrode 4 and the conductive carrter | together with the
back electrode 2. In a particularly preferved embodiment at least four grooves 5, 57, 577,
57" as can be seen in the top view of a solar cell in Fig. 4, which are provided by partially
remmoving the front electrode 4 near all four edges of the solar cell 10 and along the sides of
the solar cell, If the solar cell 10 according to the invention comprises g buffer laver, st s
preferred that the division of the front electrode comprises that, in addition to the front
electrode, the buffer layer is at least partially, preferably completely, removed.

A solar cell 10 according to the invention is preferred, wherein the front electrode 4 and,
optionally the buffer laver, is removed in a distance from the edge of abowt 0.1 vam to
about 3 mun over a breadth of about 20 1 to about 0.1 mum and along the side of the solar
cell. Preferably, the removal of the front electrode 4 and, optionally, of the buffer laver,
may be conducted with a laser and/or with chemical eiching, in particular with a laser.

In a preferred ambodiment and as shown in Fig. 1 the solar cell 10 according to the
mvention comprises at least one isolsbing structure & which is provided by partially
applving an electrical isolator over that part 7 of the front slectrode which is not isolated
from the electrically conductive carrier 1 and the back electrode 2. Additionally according
to Fig. | a second isolating structure 67 is provided covering at least part of the elecinically
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conductive carvier 1. By providing the two siructures 6, §° the additional safety is provided
in case two such solar cells 10 are assembled in an imbricate way that there is no undesived
electrical contact between the solar cells over the part 7 of the front electrode that is not
isolated from the elecirically conductive carrier 1 and the back electrode 2. However, it i
o be understood that the solar cell secording o the invention may also only comprise one
of the isolating structures 4, 67, Further, the solating structure 6 may be placed on top 6 of
the front clectrode 4, on top of the electrically conductive carrier 1 or at both positions ag
teolating structures 6, 67,

The isolating structure(s) 6, 6° will prevent that the pari(s} of the front electrode 7, 77
which are in electrical contact with the back electrode 2 and/or the glectrically conductive
carrier | will be contacted by a second solar cell which is brought into contact with the first
solar cell. Therefore, i 13 preferred that the electrical solator 6 is applied on top of the
front electrode 4 over an area at least covering that part 7 of the front electrode 4 that is
mtended to be brought into contact with the elecirically conductive carrier 17 andfor the
back electrode 2° of a second solar cell 1. “On top of the font electrods” in the sense of
the nvention mesns, as shown in Fig. 1, on the upmost side B of the solar cefl 10, As
shown in Fig. 1 it {s not necessary to cover all parts 7, 7° with an electrical isolator. Only
those parts 7 of the front clectrode 4 of the first solar cell are preferably covered by the
electrical isolator 6 which would create a short circuit due to its contact with the back
electrode and/or electrically conductive carrier when the first solar cell will be brought into
elecirical contact with a second solar cell,

The isolating structures 6, &7 will preferably be apphied slong the edge of the solar cell at a
breadih of from about 0.1 mum to about 9 yum along the side of the solar cell, in particular if
applicable at a breadth {o cover part 7 of the front electrode 4. The structures 6, 6" may also
extend over at least part of the side of the solar cell 10

The isolating structure is preferably sclected from the group consisting of an electrically
isolating inorganic coating and an clecirically isolating organic coating, preferably an
inorganic coating confaining Sih. In ancther preferred embodiment the solar cefl 10
according to the invention the solar cell 10 is provided with at least two isolating structures
&, 6 by partially applying a first electrical isolator 6 on top of the font slectrode 4, at least
partially or completely over part 7 and a second electrical isolator 6° at least partially on
top of the electrically conductive carrier 1 such that at least part of the conductive carrier |
and the part 8 of the front cloctrode will still be adapted t© be contacted. *On top of the
electrically conductive carrier” in the sense of the invention means, as shown in Fig. | on
the lowsrmost side A of the solar cell 10, Additionally, the electrical isolators &, 6 may
extend over the edge outo the side of the solar celll In Fig. 1 this embodiment is shown.
This embodiment is preferved since the two isolating structures in form of e.g. the electrical
isolators 6, 67 are applied such that, when the solar cells are assembled into 2 module, both
isolators will come nto divect contact and be adjacent to pach other and thorewith provide
a double safety for proventing any undesired electrical contact betwsen two solar cells,
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Preforably, the clectrical isolator to be used o provide the isclating strocture(s} is selected
from the group consisting of electrically isolafing inorganic coating and elecirically
isolating organic coating, preferably an inorganic coating confaining 510,

inn another embodiment, the solar cell 10 is provided by at least partially removing at least
part of part 7 of the front clectrode 4. This embodiment is not shown in Fig. 1. In order to
safopguard that no undesired electrical contact between two solar cells will oo, 1t is also
possible to remove those parts of the front elecirode that are in contact with the electrically
conductive carrier andfor the back electrode, Therewith the electrically conductive camier
andfor the back electrode of a second solar cell brought into contact with the front
clectrode of the first solar cell will not come into comtact with any structure that might
cause a short circuit with the back electrode of the first solar cell.

Preferably the front slectrode 4 19 removed at the sdge of the solar cell over a breadth of
about 20 um to about 3mm. The removal of the front electrode 4 may be conducted with o
laser. In a2 particularly wreferred embodiment, it is also possible to first remove those
pari{s} 7 of the front electrode 4 which are in direct contact with the electrically conductive
carrier and/or the back electrode over the edge or side of the first solar cell and which are
intended fo be brought into contact with the electrically conductive carrier andfor the back
electrode of a second solar cell and then apply as af least one isolating structure{s} §, 6 as
described above at these locations. Preferably, the removal of the part{s) 7 of the front
slectrode 4 can be conducted by chemical etching and/or by cutting off the edge or side of
the solar cell 10 in & way that an inclined ares or surface is obtained through the front
electrode and possibly also through the buffer laver 3 and/or sbsorber laver 2.

Az shown in an embodiment of the solar cell 10 i Fig, ¥ and Fig, 3, due to manulaetunng
variation, the solar cell 10 may contain locations 12, also called shunts, on top of the solar
cell B and exiending o the back electrode 2 andfor the electncally conductive carrier 1
where the front electrode 4 is in direct elecirical contact with the back electrode 2 andior
the electrically conductive carrigr 1. By this contact the efficacy of the solar cell 10 18
impaired sinee these locations cause a short cirewil there. Such locations are also called
shunts. In a preferved embodiment the at least one shunt 12 is therefore passivated in the
solar cell. The passivation of a shunt 12 is preferably conducted by electrically isolating
the srea 13 of the front electrode 4 around the shunt 12 from the remaining frond electrode
4, Such isolation may be conducted by an st least partial removal of the front slecirode
around the location of the shunt 12 along the line or groove 50 which may be in
rectangular form as shown in Fig. 3. The isclation may alse be achieved in conducting at
least partial removal along two lines around the shunt 12 which connect the structures 5, §°
$0 that the area 13 arcund the shunt i3 agan isolated from the remaining part § of the fromt
elecirode 4. The isolation may take any form as long as it is safeguarded that the shunt will
be electrically isolated from the remaining front electrode 4, in particular part § thereof.

The solar cell 10 as shown in a preferred ombodiment in Fig. 2 and Fig. 3 comprises least

one additional isolating structure 14 in order to prevent direct electrical contact of the
glectrically conductive cammer 1 and the back electrode 2 of said solar cell 10 and an

14
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electrically conductive camier 17 andior a back slectrode 27 of a second solar cell 1Y
intended to be brought info contact with the front electrode 4 of said solar cell 10 at at least
that part of an ares 13 on top B of the front electrode around the location of a shunt 12

- that is electrically not isolated from the slectrically conductive camier 1 and the
back electrode 2 of said solar cell 10 and

- that is intended to be brought into contact with the electrically conductive carrier
17 and/or the back slecirode 2" of the second solar cell 107,

The solating structure 14 is preferably made of the same material as described with
relation to the isclating structure 6, 6 abave.

In a preferred embodiment a method for localizing defects, such as shunts 12, causing
leakage currents is conducted with the solar cell {10}, comprises illuminating an area,
having at least 2 minimum size, of the photovoltaic element, determining a position of a
defect based on at least one photoinducsed electrical value of an electrical potential betwesn
electrodes of the photovoliaic clement and & corresponding measurement position within
the illuminated aren on one of the electrodes of the photovoliaic element, and removing at
least one of the electrodes in an ares at the determined position of the defect via etching,
Preferably, the etching is performed via laser efching but may also be performed by
chermical etching, pad printing and or jef printing. The at least one of the electrodes may be
removed along 2 line (3} with a predetermined widih by a laser in the area at the
deternuned position thereby electrically isolating the defect.

Additionally, two or more defects for which the positions have been determined and which
positions are next to each other can be identified as a cluster of defects. Then, the line with
the spectfic width is preferably drawn around the cluster of defects via laser etching.

A method for passivating 2 shunt in a photoveliaic element may include a front electrode,
such as a TCO layer. Optionally, the buffer layer may be removed along with the front
electrode. This method comprises determining a position of & shunt in the photovoliaic
clement, positioning the photovoltaic element at the determined position and removing the
front clectrode in an area at the determined position of the shunt thereby ensuring that the
shunt has no elecirical contact to the front electrode after removing the front electrode.
Preferably, the frond electrode i3 only partially removed arcund the shunt. Furthermore, the
etehing is preferably performed via laser eiching and the front electrode around the
determined position of the shunt is removed along a line with a predetermined width by a
laser thereby electrically isolating the shunt. Alternatively. the etching may he performed
vig chemical etching.

Fig. 4 shows another embodiment of a quasi endless solar cell of the invention in sirip-like
torm which containg part of two solar cells 10, 17 in top view which are t be cut along
the cutting edge C. Fig. 4a also shows another embodiment of a quasi endless solar cell of
the mvention in sirip-like form which contains part of three solar cells 10, 107, 10” in top
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view which are to be cut along the cuiting edges €. The solar cells are provided with
grooves 3, 5 and 577 and 577, If the solar cells 10, 1€ are cut along cutting edge C the
frout electrode due 1o its low hardness may “smear™ over the edge and side of the solar
cells 10, 107 gt the cutling edge C and therewith causing short circuifs within the solar cells
as described above. Therefore, in the embodiment according to Fig. 4 the sides along the
cutting edges C are also provided with grooves 57 and 3777,

Even though only part of the solar cells is shown, the not shows part of solar cells 10, 10
or 1{"” may also contain cutting edges which include the coresponding grooves 577 and
59-:-1,

The reference signs for solar calls 10, and 107 are a3 explained in Fig. 1 1o 3 and 6.

As the solar cells according to the invention are preferably produced in 2 resl-to-reel or
roll-to-roll technology producing guasi endless band of selar cells which need o be
separated or cut into discrete solar cells, the solar cells of the invention will preferably
contain four grooves 5, 537, 5§77 and 3" along sll side of the solar cell, since the problem of
short circuits over the edges or sides may occur at each side thereof, may it be because of
the cutting or because of the manufacturing process. The four grooves 5, 37, 577 and 3°7
are preferably provided for by the partial removal of the front electrode 4 along the sides of
the solar cell in form of lines as already described above. Grooves 377 and 537 may
addiionally serve as cutting marks as cxplained in relation to Fig. 7 below,

The embodiment according to Fig 4 or 4a, as with Fig. 3 additionally shows an isolating
structure 147 in order to prevent direet elecirical contact of the electrically conductive
carrier | and the back elecirode ¥ of said solar cell 10 and an elecirically conductive carrier
1" and/or a back electrode 17 of a second solar cell 107 intended to be brought into contact
with the front electrode 4 of said solar cell 10, In Fig. 4 and 4a contact is prevented with
arez 16 on top B of the tront electrode bordered by grooves §, 37 and 37 and the edge or
side of the solar cells 10 after cutting the two solar cells apart, The same is true for a solay
cell 107 in which an area 16" is produced by the cotting along cutting edge C and the area
167 is bordered by grooves 5, §" and 3777 and the edge or side of the solar cells 10 after
cutting the two solar cells apart.

The embodiment accovding to Fig. 4 additionally shows an isolating structure 6 which will
prevent short circuits between two solar cells when assembled. In the smbodiment of Fig. 4
shori circuits are prevenied when the solar cells are asscmbled in imbricate form. In this
form, as described in more detail below, the back electrode andior the electrically
conductive layver of one electrode 15 conmected to the Front electrods of 8 second solar cell.
The function of structure § is already explained in detail with relation to Fig. 1. Struciure
14" in Fig. 4 serves the purpose that the second solar cell will additionally not come into
elecirical contact with area 16 of the front electrode. This area 16 of the front electrode
may still be in direct electrical contact with the back electrode andior the electrically
conductive carrier when cut along line C due to “emearing” of the font electrode over the
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side. 1 a second solar cell would be brought into elsetrical contact with area 16 this might
canse a short circuit between two solar cells.

in a particularly preferred embodiment of the invention, the solar cell will therefore
comprise an clectrically conductive camier 1, 8 back clectrode 2, an absorber layer 3
possibly a buffer layer and on top of the solar cell. a front electrode in this sequence,
wherein the lavers are preferably as deseribed above., Additionally, the solar cell in this
embodiment will comprise four grooves §, 57, §77 and §°77 along and near all four sides or
edges of the solar cell ag shown in Fig. 4 and 4a, in particulsr provided by removal of the
front electrode, four isolating structures, a first one 6 on top of the front electrode along
one side of the solar cell which will be brought into contact with a second solar cell, 8
second one & on the lowsnmost side of the solar cell, ie. on top of the slectrically
conductive carrigr at least on those areas of the conductive carrier which will be brought
into contact with that areas 7 of a second solar cell which is not electrical isolated from the
back electrode of said solar cell, and a thind and fourth one 14, 147 on those areas of the
front electrode which are still in contact with the electrically conductive carvier andfor the
back cloctrode. either through a shunt or through the cutting edges, and which will be
brought into contact with a second solar cell.

Fig. 5 shows a cross section of the solar cells 10, 10° of the invention which are assembled
jnto 8 photoveoltaic module 15, I the second solar cell 107 the respective means in the first
selar cell 10 are designated with the corresponding numbers, with the addition of one or
more *. In the preferred embodiment shown m Fig. 5 8 photovoltaie modude 15 of the
invention comprises at least two solar cells 10, 10V elsctrically conpected in series, wherein
the front electrode 4 over the part § thereof which is electrically isolated from the back
glectrode 2 and the elecirically conductive carvier 1 of a first solar cell 10 is connected to
the clecitrically conductive carmier 17 and therewith to the back elecirode 2° of a second
solar cell 107, Additionally, any undesirable electrical contact is prevented by two grooves
3, 5" incorporated by removal of the front elecirode 4 along the edges of the solar cell 10 in
form of lines or ditches and by two isolating structures 6, 677, Part 8 of the front electrode
4 is not in contact with parts 7, 7 of the front electrode 4 at the edges and sides of the solar
cell 1 any more.

it a preferred embeodiment in order o ensure a safe and reliable electrical contact between
the frout elecirode 4 of 8 fivst solar cell 10, in particolar over part B of the front elecirode,
and the electrically conductive carrier 17 of a second solar cell 1 and, therowith also o
back elecirade 27 of a second solar cell 107, 8 conductive adhesive 9 is provided between
the front electrode 4, in particular part 8 thereof, and the electrically conductive camier U
of the second solar csll 18, The conductive adhesive 9 {s preferably provided for in a line
along the edge of the solar cell adjacent to the structures 5 and &, Therewith the major part
of the front clectrode 4, in particular part 8 thereof, 15 left uncoversd by the second
clectrode 10° and can serve ifs purpose to allow the incidence of light from side B in order
to arrive at the absorber laver 3 where slectnical energy is produced.
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The conductive adhesive % 15 preferably an electnically isolropic or amisodropic conductive
gYgantc resin, in particuiar a metsl filled epoxy resin, whersin the metal 3 in particulay
selected from the group consisting of Au, Ag, Cu, and MNior O,

The photovoltaic module 18 gecording to the invention will compnse a number of solar
cells 10, 10" which are reasonable for the intended use. A photovoltaic module 15 may e.g.
comprise at least 10, preferably at least 40, and in particular ot least 50 solar cells 10, 107,
and up until 150, preferably 100, and in particudar at least 80 solar cells 10, 107, In the
photovoltaic module 15 the solar cells are preferably electrically connected in series and
assembled in imbricated form. Preferably, the solar cells 18, 107 in tmbricated arrangement
overlap along their sides about .05 om 1o about 1 om.

As shown in Fig. § in a preferved embodiment of a photovoltaie module, the solar cell 10
additionally containg a farther isolating strocture 14 which will prevent that the area 13
arcund a shunt 12 will be electrically contacted by a second solar cell 107 brought into
cortact therewith as descenbed with relation to Fig. 3, Structure 14 is preferably provided
over at least the area 13 around shumt 12 which will be brought into contact with a second
solar cell 197 when assembled.

if the electrically conductive carmier 1 andlor the back electrode 27 of a socond solar cell
1Y wonld be brought info contact with area 13, then a divect electrical contact would be
created over the shunt 12 with the clectrically conductive carmier | andior the back
glecirode 2 of the first solar cell 10, therewith causing a short circuif. Therefore, the
isclating structure 14 will provent that area 13 15 electrically contactad with 8 second solar
cell and therewith prevents short circuits between solar cells when assembled mto
rmodules, '

it would not be necessary in order to prevent the occurrence of short circnits between two
solar cells when sssembied inte modules to provide a conductive adbesive 9 as shown in
Fig. 6. However, since the conductive adhesive 9 15 preferably applied in one step over the
whole length of the solar cell, the conductive adhesive 9 may also be present at these
locations. The presence of the conductive adhesive 9 does not impair the function of
isolating structure 14 {0 prevent a short cireuit between the solar cells,

Fig. 7 shows {wo string assemblhies 17, 17 cach composed of six solar cells in accordance
with an embodiment of the present invention. For hoth string assemblies 17, 177 the first
solar cell and the last solar cell are longer than the other four solar cells. The first solar cell
extends on the one side of the string assembly 17 and the last solar cell extends on the
other side of the string assembly 17, The first solar cell of string assembly 17 extends on
one side w order 10 be interconnecied by a bus bar on the conductive carrier and /or back
electrode with the conductive carrier and for back electrode of a fivst solar cell of another
string. The last solar cell of this string assembly 17 extends on the other side in order to be
interconnected by another bus bar on the conductive carrier and for back electrode with the
conductive carrier and or back electrode of a last solar cell of another string 177, Five of six
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sotar cells at every string assembly will be active in accordance with an embodiment of the
present invention.

Alternatively, the sirings may congist not only of six solar cells, but any number of solar
cells destred. Furthermore, the last electrode is interconnected alternatively on the front
electrode and the frst electrode is altematively interconnecied on the back clectrode.
Additionally, not only two sirings may be interconmected but any desired number of
strings.

Furthermore, Fig. 7 shows specific cutting marks 5377 and 577", These marks result from
cutting the solar cell obtainable by a roll-to-roll technology and still in 2 long strip-like
forrn 1nto separate solar cells. In order o cut the solar cell at the desired positions needed
for the production of the string assemblies so called cutting marks are created on one of the
glectrodes of the solar cell. Preferably, the cutling marks are created on the front electrode
of the solar cell. In a particular preforred embodiment, the cotting marks 57" and 577" may
at the same time sorve as grooves in order to divide the front electrode into parts as
deseribad above.

Thus, the cutting marks according to onc embodiment of the present invention are applied
to fromt electrode in a way that they not only show and mark the position for cutting the
solar cell but also to electrically disconnect the cut side of the solar cell from the remaining
part § of the front electrode.

Preferably, the cuthing mark for indicating where the solar cell which is still in a long strip-
like form has to be cut has a similar shape as the structurs for passivating the detected
shunt. Preferably the marks/structures for passivating the detected shunt and for cutting the
solar cell differ in its width. This means that eg. a rectangular form is for passivating
detected shunts and for indicsting where the solar cell has o be cut. However, the widih of
the rectangolar form used varies in accordance with its function to be used. For example
the rectangle for passivating 2 detected shunt has a frst specific width and the rectangle for
indicating & cutbing mark has a second specific width which differs from that for
passivaiing a shunt.

Furthermore, as the first and the last solar cell of a string assombly are preferably longer
than the other solar cells in the siving assembly the cutting marks 5a for the first and the
last solar cell in a string may ditfer in width from that of a cutting mark for the second and
other solar cell in a string,

in that way it can be automatically detected whether there {8 an area of a passivated shunt,
a cutfing mark of a first, a second, a subsequent or a last sofar cell for a string.

The detection of the respective marks may be performed by the aforementioned method for
detecting shunis,
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fn a preferred embodiment the solar cell of the invention may be manufactured by a
process comprising the steps of

ay providing a solar cell {18} comprising an elecirically conductive carrier {13, a back
clectrode {2}, an absorber layer (3}, optionmally an buffer laver on top of the
absorber layer and g front electrode {4);

by dividing the front elecirode {4) inlo at least two parts {7, 8) for electrically
isolating at lcast one part {8) of the front electrode (4) of the solar cell from the
electrically conductive carvier {1} and the back electrode (2} and providing at least
one second part {73 of the front elecirode (4) that is electrically not isolated from
the electrically conductive carrier {1} and the back electrode (2} of said solar cell,
or preferably dividing the front clectrode {4) optionally into at least four parts (7,
77, 8, 16} for glectrically isolating at least two parts (&, 16} of the front electrode
{4} and providing at least two parts {7, 77} of the front electrode {(4) that are
clectrically not isolated from the electrically conductive carrier (1} and the back
electrode (23 of said solar cell and

¢y providing an at least one isolating structure {6) in order 0 prevent divect electrical
contact of the slectrically conductive carrier (1) and the back electrods {(3) of said
solar cell and an electrically conductive carrier {17} and the back electrode (37 of
a second solar cell (107} brought inlo confact with the front elecirade {4) of satd
solar cell {10).

Preterably, the method for manufacturing the solar cells of the invention additionally
comprises providing at least two grooves §, 37 in particular at least four grooves 5§, 57, 57
and 5", for electrically isolating at least part of the front elecirode 4 of the solar cell from
the electrically conductive carrier | and back electrode 2 by at least partially removing the
front electrode 4 along two opposite edges of the solar cell and providing at least two
isolating structures in particular at least four 6, &, 147, i order to prevent direct electrical
contact of the electrically conductive carrier 1 of said soler cell and an slectrically
conductive carrier 1 of a second solar cell brought into contact with the front electrode 4 of
said solar cell.

The invention additionally relates to a solar cell obtainable according to the methods of the
invention.

Finally, the nvention relates in a preferred embodiment to a method of producing a
module assembly comprising at least two solar cells according of the invention comprising

i} providing a first solar eell (10} by conducting & process comprising the steps of

i1} providing an electrically conductive carrier (1), in particular of copper reel, 1 om
i width, 100um in thickness and 2000 m lengih;
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i4)

t53

i6)

7}

i)

X)

optionally cleaming the electrically conductive ecamrier {13, in particular by
chemically cleaning and/or electrochemically etching followed by some rinsing
PIOCEesSes;

applying a back elecirade (2} on the conductive carmmier {1}, in particular by one
sided electrochemically plating of Indium resulting i an Cu-In back electrode by
interdiffusion of the melals; The thickness of the In-laver is preferably in the
range of 0.7 wm with a homogeneity of the In-layer thickness of & 3%,

applying an absorber layer (3) on the hack electrode {2} and optionally removing
material not being part of the shsorber layer on the swrface and optionally
annealing the shsorber layer (3), in particular by forming & solid Cu-In-8 layer by
partial conversion of the Cu-In layer in resctive gaseous sulphur atmosphere al
appr. 600 °C for 10 sec. following by chemical eiching of the tape;

optionally applying a buffer laver on the absorber layer (3} and optionally
cleaning the surface of the buffer layer, in particular by spraying a wide band gap
p-tvpe Col buffer laver from an acetonitrile - Cul solution with a thickness of
about SO v following by some ringing and drying processes;

applying a front slectrods {4} on the absorber laver or, if present, the buffer Jayer,
in particular by deposition of a TCO stack using DC sputtering processes; At first
an infrinsic layer of a thickness of approx. 50 nm is preferably deposited followed
by the deposition of a high conductive layer with o thickness of approx.t um from
an 2% Al doped ZnQ target: The conductivity may be adapted by means of
variation of the sputtering conditions;

optionaily cleaning the electrically conductive camier (1}, in particular by
chemical etching following by some rinsing and drying processes;

dividing the front electrode (4) into al least two parts (7, 8) by removing parts of
the front electrode {4} along at least one edge, preferably by partially romoving
TCO lavers via laser;

in particular optionally dividing the front electrode (4) into at least five parts (7,
77, 8, 16, 167} provided by prooves {5, 57 and 577 and 5777} preferably by partially
removing the front electrods, proferably the fromt clectrode and the buffer layer, f
present, via laser

oplionally passivating at least one shunt {12} by removing parts of the front
electrode at the arez of the shunt {12}, in particular by drawing a line with 4 width
of at least 50 pm around the determined shunt via laser giching wherein along the
Hne the front electrode (4), in particular the TCO layer and optionally the buffer
tayer, if present, is removed thereby ensuring that afler the step the front elecirode
{4} elecirically in contact with the shunt has no elecirical contact to the remaining

21
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18],

n}

P}

q}

§}

front electrode {4} used as an clectrode. therewith creating at least one part of the
front glectrode {13} which is located around the shunt snd isolated from the rest of
the front electrode {(4);

optionally removing at least part of part {7} of the front slectrode {4) in order to
climinate an electrical contact between part {7) of the front electrode and the back
clectrode and/or the electrically conductive carrier;

optionally removing particles and superficial parts of the buffer layer from the
surface of the solar cell, such as by ultrasonic cleaning in particular removing the
butfer layer from the grooves (8, 57, 577, 577", 50} so that the sbsorber layer i
showing,

applying at least one isolating structures (6) by applying at least one elecirical
isolators on top of the front electrode (4} on to at least part {7), in particular by
parfially printing an inorganic sol-gel liguid on top of the fromt elsctrode
following by drving and curing processes for some seconds to form an solid
wsolating laver;

optionally applying at least one additional structure (67) by applying at least one
electrical isolator on top of the back electrode {2) and/or the elecirically
conductive carrier {1}, in particular by partially printing an inorganic sol-gel Hquid
on fop of electrically conductive carrier following by drving and curing processes
to form an solid isolating layer;

optionally applying at least one additional structure (14) by applyving at least one
clecirical isolator at least on top of the part 13 of the front olectrode {4} in
particular by partially printing an morganic sol-gel Hauid at least ou top of the part
{13} of tront electrode following by drying and curlng processes to form an solid
isolating laven;

optionally applying st least one additional structurs (147} by applying at least one
electrical isolator at least on top of the part 16 of the front electrode {4} in
particular by partially printing an inorganic sol-gel Hguid at least on top of the part
16 of front elecirode following by drying and curing processes io form an solid
isolating layer;

providing an at least one slectrically non-conductive sheet of high optical
transmission and applying a first solar cell {30} with ite front electrode thereon;

applying a conductive adhesive {9} on part of the back clectrode (3} andior
elecirically conductive carrier {1} which will be brought into clecirical contact
with that part (8"} of the front clectrode of a second solar cell {107 which i3
clectrically isolated from the elsctrically conductive carrer (17} and the back

2%
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electrode (27 of the front electrode {47} of 3 second solar cell (16"} when
assembled, preferably by using a printing process;

t}  providing a second solar cell (10°) and comnecting the back electrode {2} andfor
clectrically conductive carrier {1} of the first solar cell {10} via the conductive
adhesive (9 with part {87} the front clectrode {47} of the second solar cell (10°), in
particular by applying the second solar cell (1) in imbricated form partly with its
front electrode at the non ~conductive sheet of high optical transmission and partly
with its front clectrode at the back slectrode of the first solar cell (10) to bauild a
photovoltaic string assambly;

uy  optionally repeating step 1) to u) until the desired number n of solar cells is
connected in series, whorein n s an integer between 2 and 250, preferably
between 6 and 5(4;

v} optionally curing the series of electrical connectad solar cells, in particular in 8
vacuum lamination process for 10 to 30 oun at 110°C o 170 °C,

w} providing an ¢loctrical contact to the elecirical conductive carriar (1} of the last
solar cell in the connected series and providing an electrical contact to the
clecinically conductive carrier of the first solar cell in the convscted serieg, in
particular using g soldering process, 50 that n-1 solar cells will be active; and

1} optionally conducting an efficiency fest and selecting connected series that pass
the test.

In genaral it 18 preferred that the method of the invention be conducted in order to produce
in a reel-to-reel process a quasi endless sirip-like CiS-tvpe thin-film solar cell. The
dimensions thereof are as desoribed above.

in a preferred embodiment, steps (-2} to (-3} may preferably be conducted by tape
cleanming and In deposition as follows. In the first roli-to-roll process, the Cotape of | om
in width is chemically cleaned followed by some rinsing processes. Then Indium is
electrochemically deposited on the front side of the tape only. This takes into account that
it is the In surface where the CIS starts to grow. The thickness of the In-layer is in the
range of 0.7 pm. The homogenecity of the In-layer thicknoss of = 5% i3 due for locsl
stationary starting conditions and precursor properties, especially the homogenecus Cu-
coneentralion.

Step (-4} may preferably be conducted in that the shsorber layer is provided by
sulphurization gs follows. A solid Cu-In-8 laver is formed by partial conversion of the in-
Cu precurser into the CISCuT-ghsorber when the tape is exposed fo reactive gaseous
sulphur inside a sulphurization reactor. Affer this process a Cu back side carvier a Cu-In
back electrode and the CISCUT Absorber layer is formed. The dynamic of the regl-to-reel
process on a tape substrade is connected with stationary thermal and chemical conditions at
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cach place of the whole reactor by computer assisted control of the basic esseniial technical
pargmeter as tape velocity, heater tomperatures, pressure and nitrogen flow {(Winkler et al..
2001

The removal of the material not part of the absorber layer can preferably be conducted by
KCh-giching as follows. Generally, the absorber layer surface may be treated with a KON-
solution to remove Cup-3, from the surface. When contacting the absorber electrically, this
device shows spontanecusly a diode characienistic. The [-V- characteristic of such device
can be measured using a graphite pad as front electrode, which contacts directly the etched
surface of the absorber. The back side electrode is the Cu-tape.

The annealing can preferably be conducted as follows: The tape will be annealed on spool
at moderate temperatures for 3¢ minutes.

Step (3-5), if conducited namely the buffer laver deposition, may preferably be conducted as
foliows. A wide band gap p-type Cul buffer layer with a thickness of about 50 nm is
obtained by spraying Cul dissolved in acetonitrile (0.4 g in 80 ml) onto the absorber
surface at a femperature of about J0°C,

Step (-6} may preferably be conducied by TCO deposition as follows. A TCO stack is
deposited by DC sputtering as a transparent front contact. At Hrst an intrinsic layer of a
thickness of 100 am is deposited followed by the deposition of a high conductive layer
with a thickness of | um. The conductivity has been changed by means of variation of the
oxygen pressure during the sputtering process. The target is 2% Al doped Zn(y, the
iemperature of the tape (s 165°C, thus achieving a transmitiance of about 90%.

Step (5} may preferably be conducied by applving at least one groove (5} by removing parts
af the front clectrode (4) along at loast one edpe thersof by the use of a laser etching as
described above:

Step (1} if conducied, may preferably be conducted by passivating at least one shunt (12}
by removing pans of the front electrode around the shumt (12) as desenbed sbove,

Step {m) if conducted, may preferably be conducted by removing at least part {7) of the
front elecirode {4} tn that an inclined area is obtained extending through the front electrode
and possibly partially through the buffer laver and possibly even through the absorber
layer. The cutting off of the edge to an inclined area along the solar cell is preforably
conducted along the side of the solar cells where on of the structures {5} has slready been
applied and where the connection with the next solar cell is intended when the module
assembly 15 conducted. The cutting off of the edge is preferably conducted with a
mechanical rubber,

Step {n} may preferably be conducted as follows. The particles and optionally the absorber
fayer showing in the grooves may be removed by laser
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Steps {o} and (p) may preferably be conducted as follows. The edges of the tape may be
covered by an msulating glassy layer of nanoamere solotion, preferably as described ahove
with relation to the isolator, to allow the roof tile interconnection during module
assembling in the end;

Step {q) and {1} if conducted may preferably be conducted by applying at least one
additional isolating strocture (14} and / or {i4”) on top of part {13} and / or part (16) of the
front electrode (4) by an insulating glasey layer of nanomere solution, preferably as
described above with relation to the isolator, to allow the roof tile interconnection during
madule assembling in the end;

Steps {8} o (x} relating to the siring assembly may preferably be conducted as follows. In
an automated assembly line 2 defined number of stripes of the guasi-endless flexible tape
may be imbedded into the front side foil and elecirically connected in series “roof tile
like”, by overlapping. The overlapped region may be in the range of L. As contacting
material metal Slled glues may be used. Current collection grids at the transparent front
side contact may be unnecessary. The roof tile interconnection of solar cell stripes to
strings of defined voltage (munber of stripes), of defined cwerent (length of siripes), and the
interconnection of the strings in paratisl by using bus bars with definition of cutput power
works, as described previcusly as a concept {Glldner ef al, 2000). Front and back side
encapsulated into function foils, flexible meodules are obtained which are adaptable in
cutput power, shape and size.

Step {v} if conducted may preferably be conducted by applving an efficiency test and
selecting connected serics that pass the test,
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A thin film solar cell (10} comprising an electrically conductive carrier (1), a back
electrade {2} which is directly on top of said carrier {1}, an absorber layer (3} and
a front elgctrode (4} wherein the front electrode (4} is divided into at least two
parts {7, 8} wherein at least one part (8} of the front electrode (4) of the solar cell
15 isolated from the electrically conductive carvier {1} and the back electrode (2)
and at least one second part {7) of the front electrode {4) that is electrically not
isolated from the electrically conductive carrier {1} and the back electrade (2) of
said solar gell,

The solar cell (10} according claim [, additiopally comprising at least one
isolating structure (6) being adapied for preventing direct electrical contact of the
electrically conductive carrier (1) and the back electrode (2) of said solar cell {10
and an electrically conductive carrier {17} and/or a back electrode {27} of a second
solar cell {107} adapted {o be brought inte contact with the font electrode (4} of
said solar cell {10} at at least part of that part (7} of the front electrode (4) that is
electrically not isolated from the electrically conductive carrier {1) and the back
electrode (2} of said solar cefl.

The solar cell (10} according to any one of the preceding claims, wherein the solar
cedl i in g strip-Hke form.

A photovoltaic string assembly (15) comprising at feast two solar cells (16, 109
according to any of the preceding claims slectrically connected in series, whersin
at least part {8} of the front electrode {(4) of a first solar cell {10} that is electrically
isolated from the electrically conductive carrier {13 and the back eloctrode {2) of
said solar cell is connected to the electrically conductive carrier {17} andfor the
back electrode (27) of a second solar cell (187).

The photovoltaic string assembly (135} according to claim 4, wherein said at least
part {8} of the frowd electrode {4) of a first solar cell {10} is connected fo the
electrically conductive carrier {17} andfor back electrode {27} of a second solar cell
{107} by a conductive adhesive {9}

The photovoltaic string assembly {(15) of any one of claims 4 or 3, wherein gt least
40 solar cells according 1o any one of claims 1 to 3 are connectad in series.

A method of manufacturing a solar cell (10} sccording to any one of claims | o 3
comprising the steps of

ay providing a solar cell (10} comprising an electrically conductive carrier (1),
a back electrode (2), an absorber layer {3} and a front electrode {4);
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dividing the front elecirode {4} into at least two parts (7, B} for clectrically
isolating at least one part {&) of the front elecirode {4) of the solar cell from
the eleotrically conductive carrier {1} and the back elecirode {2} and
providing at lcast one second part {7) of the front clectrode (4} that is
electrically not isolated from the slectrically conductive carvier (1) and the
tack electrode {2} of said solar cell and,

optionally providing an at least one electrically iselating structure {8} in
order to prevent diroct electrical contact of the slectrically conductive
carrier (1} and the back electrode {2} of said solar cell and an olectrically
conductive carier {1') and the back electrode (27} of a second solar cell
{107) brought into contact with the front electrode {4) of said solar cell {103

8. A solar cell (10} obtainable according to the method of claim 7.

9. Method of producing 8 photovoltaic string assernbly comprising at least two solar
cells according to any one of claims 1 to 3 comprising

B

providing a fiest solar cell {10} } according to any one of clatims 1 o 3 by
conducting a process comprising the steps of

providing an electrically conductive cammier (1)

optionally cleaning the electrically conductive carrier {1}

applying a back electrode (2} on the conductive carrvier {1}

applying an absorber layer (3} on the back elecirode {2) and optionally
removing material not being part of the absorber laver on the surface and

optionally annealing the absorber layer (33

optionally applying a buller laver on the absorber layer {3} and optionally
cleaniog the surface of the buffer layer; and

i} applving a front clectrode {4) on absorber lnver or, if present the buffer layer

7}

B

K}

and
optionally cleaning the electrically conductive earmier (1)

dividing the front electrode {4} into at least two parts {7, 8) by removing
parts of the front electrode {4} along at least one edge thereof]

optionally passivating at least one shunt {123 by removing parts of the frong
glectrode at the area of the shunt {12}

Ee]
el



4]

i3

s
14

WO 2010/023264 PCT/EP2009/061111

P}

q}

1}

)

opticnally removing at least part of part {7} of the front electrode (4} in
order to eliminate an elecirical contact between part {73 of the front
elecirode and the back electrode and/or the electrically conductive carrier

optionally removing particles and superficial parts of the buffer layer from
the surfsess of the solar eell:

ophionally applying at least one solating structurs {6) by applying at least
onc glectrical isolator on top of the front electrode (4} on 1o at least part {7}
which i elecirically not 1solated from the electnically conductive cammer {1}
and the back elsctrode (2};

opticnally applying at least one sdditional structure {67} by applving at least
one electrical isolator on top of the back elecirade {2} and/or the clectrically
conductive carmer (1)

optionally applving at least one additional structure {14) by applying at least
one electrical isnlator at 1zast on top of the part 13 of the front electrode (4}

optionally applving at least one additionsl stracture {(14°) by applyving al
least one electrical isolator at least on top of the part (18} of the front
electrode (4%

providing ab least one electrically nov-conductive sheet of high optical
transmission and mounting a first solar cell (10} with it front electrode
thereon:

applying a conductive adhesive (9} on part of the back electrode {2) and/or
slectrically conductive carmier (1) which will be brought into elecirical
contact with that part {£°) of the front elsctrode of 2 second solar cell (107}
which 1s electrically isolated from the electrically conductive carrier (17)
and the back elsctrode (27} of the front electrode (47 of a second solar cell
{18y when assembied;

providing a sccond solar cell {18} and connecting the back electrode (23
and/or elecirically conductive camier {1} of the first solar cell (10} via the
conductive adhesive (%) with part (87} of the frout elecirode (47} of the
second selar cell (107) and

optionally repeating steps 1) fo ul until the desived number n of solar cells is
connected in series

optionatly curing the series of electrically connected solar cells;

tn
vl
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w) providing an elecirical contact to the electrically conductive carrier (1) of

X}

the fast solar cell in the connected series and providing an electrical contact
to the clectrically conductive carmier of the first solar coll in the connected
series 80 that n-1 solar cells are active; and

optionally conducting an efficiency test and selecting connected series that
pass the test,
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