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(57) Abstract: A method and apparatus to fabricate monolithically-integrated photovoltaic modules (1, 50) comprising forming
and patterning a film layer (90) into electrically interconnectable area sections (9, 11, 14, 16, 18, 21). The patterning scheme ex-
ploits the film layer's spatial properties distribution such as its material percentage composition and/or structure and/or thickness,
so as to provide at least two of said area sections (9, 11, 14, 16, 18, 21) with substantially ditfering compositional and/or structural
properties such that at least two components, each comprising at least one of said area sections (9, 11, 14, 16, 18, 21), are provid-
ed with substantially differing current-voltage characteristics. The components may comprise interconnected photovoltaic cells
with requirement-matched photovoltaic properties and/or monolithically integrated bypass diodes and/or resistors. The invention
also relates to a photovoltaic module (1, 50) comprising at least one of these components.
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Method and apparatus for fabricating monolithically-

integrated photovoltaic modules and photovoltaic module

The invention relates to a method and apparatus for
fabricating monolithically-integrated photovoltaic modules,
according to preambles of claims 1 and 11. The invention
also relates to a photovoltaic module according to preamble
of claim 12. The method comprises the steps of forming a
film layer on a deposition area such that at least a portion
of said film layer constitutes a photoactive layer, applying
a patterning scheme for dividing said film layer into area
sections and providing electrically interconnected
components, each comprising at least one of said area
sections. The photovoltaic module comprises at least one
film layer, said film layer being divided into area
sections, and electrically interconnected components, each
comprising at least one of said area sections. More
particularly, the invention relates to the fabrication of
photovoltaic modules with a film layer formed by, but not
limited to, an ABC, material, wherein A represents elements
in group 11 of the periodic table of chemical elements as
defined by the International Union of Pure and Applied
Chemistry including Cu or Ag, B represents elements in group
13 of the periodic table including In, Ga, or Al, and C
represents elements in group 16 of the periodic table

inclﬁding S, Se, or Te.

Thin-film photovoltaic cells such as Cu(In,Ga)Se,~ (CIGS-)

or CdTe-based photovoltaic cells show a high potential for
cheaper solar electricity, lower energy payback time, and
improved life cycle impact as compared to traditional wafer-
based silicon photovoltaic cells. These advantages originate
mostly from three factors: First, thin-film absorbers can
absorb solar radiation within very thin layers of the order

of micrometers. Second, thin-film photovoltaic modules can
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be produced in-line and in large sizes with a high degree of
automation and thus little labor cost. Third, thin-film
photovoltaic cells can be monolithically integrated to
photovoltaic modules.

Such a photovoltaic module essentially consists of an array
of interconnected photovoltaic cells and opticnal additional
devices such as bypass diodes, directly or indirectly
connected to current collectors (busbars) and on, or in
between, supporting structures for protective and/or
mechanical reasons. The term "monolithical integration"
means that several photovoltaic cells on the same substrate
can be interconnected during manufacturing to form a module
on that substrate, whereas non-monolithically-integrated
modules (such as wafer-based modules) consist of individual
photovoltaic cells requiring manual interconnection after

cell manufacturing.

For the sake of monolithical integration, some or all of the
photovoltaic module films need to be patterned in one or
several processing steps at one or different stages of the
manufacturing process, either during or after the deposition
of individual layers or during or after deposition of groups
of layers,see for example M. Powalla and D. Bonnet, Advances
in OptoElectronics,'vol. 2007, Article ID 97545, 2007.
Patterning is usually achieved by applying a predefined
patterning scheme in order to divide the photoactive film
layer and/or auxiliary layers, e.g. back contact, absorber,
buffer, window, and front contact layers, in several area
sections for defining location, size, and shape of module
elements, in particular photovoltaic cells. Patterning is
further performed such that at least two interconnects can
be formed to each module element - typically to each
element’s plus and minus pole, respectively - such that the

element is connected either in parallel or in series to
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other, typically adjacent, module elements or to the busbar.
Common patterning techniques are scribing methods such as
mechanical or laser scribing of one or several layers at a
time, but also shadowing, lithography, or other methods are
used, as described for example in WO 03/061013 Al.
Monolithic integration can also be achieved by structuring
certain layers during their deposition e.g. by using shadow

masks.

Each photovoltaic cell has a maximum power point (MPP),
which denotes the condition of a cell, under which it
delivers the highest amount of electrical power under given
illumination conditions. When photovoltaic cells consist of
material with inhomogeneous optoelectronic properties, the
following problems may arise: A large photovoltaic cell can
be thought of as a submodule consisting of the parallel
connection of smaller cells which together cover the same
area as the large cell. As soon as the voltage across this
submodule exceeds the diode threshold voltage of one of the
smaller cells, the current produced by the other cells
starts to flow back through that cell with the lowest diode
threshold voltage. Hence, cells with a high MPP voltage
cannot be operated at that voltage without losing too much
current due to current reversal. In other words, the MPP
voltage of the submodule is dragged towards the MPP voltage
of the cell with the lowest diode threshold voltage. If the
differences in MPP voltage between the small cells are
large, many cells are operated below their MPP, thereby
reducing submodule efficiency. In the extreme case, owing to
the presence of one weak cell, all other cells connected in
parallel may operate at non-optimum efficiency in order to
operate the submodule at its MPP. Therefore, it is highly
desirable that any photovoltaic cell possess homogeneous
optoelectronic properties across its area in order to

deliver maximum electrical power.
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Since a real cell is typically not totally homogeneous in
its optoelectronic properties and also shading of one or
more cells may occur, the current difference will flow
through the weakest spot of the weakest cell or shaded cell,
where the local reverse-breakdown voltage is lowest. In that
weak spot, a very large local current density may occur and
induce permanent cell damage due to overheating. In order to
avoid a resulting degradation of the whole photoactive area
of the photovoltaic module, a reverse bias protection‘can be
employed, e.g. in the form of a bypass diode: When a
negative bias voltage builds up across a photovoltaic cell
and the threshold voltage of the bypass diode is exceeded,
then reverse current can flow through the bypass diode
instead of through the weak spot of the weakest or shaded
cell, provided that the threshold voltage of the bypass
diode is lower than the reverse-breakdown voltage of the
photovoltaic cell's weak spot.

Bypass diodes can be incorporated into monolithically-
intégrated thin-film modules by connecting photovoltaic
cells anti-parallel, i.e. with their polarities reversed.
The diodes can be formed over single cells, lower-~ and
higher-level submodules consisting of several cells, and
also over the whole module, to another cell or to a string
of other cells. These diodes traditionally have been
discrete components attached to the photovoltaic module by
soldering or similar techniques. Another technique for
creating integrated diodes includes adding additional layers
non-monolithically onto the bottom or surface of the cell,
as described for example in U.S. patent no. US 6,635,507. A
diode can also be formed by monolithic integration into the
module as described in patent no. US 6,690,041. These
integration techniques of a diode generally require a number

of additional processing steps and/or material to be applied
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on the device. Thus, one of their disadvantages lies in an

increase of complexity and costs for device manufacturing.

The electrical performance of each of the described
components of a photovoltaic module, i.e. photovoltaic
cells, submodules, bypass diodes, etc. are ordinarily
described by one or several characteristic values of their
respective current-voltage characteristic curves. For
instance, the open-circuit voltage and/or the
current/voltage at the maximum power point are often quoted
with respect to photovoltaic cell or photoveoltaic submodule
properties. A diode behavior is generally well described by
the value of the threshold voltage. In the special case of a
Zener diode, the reverse breakdown voltage is a

characteristic value.

It is an object of the present invention to avoid at least
one of the above mentioned disadvantages and to provide a
method and/or an apparatus which allows the fabrication of
monolithically-integrated photovoltaic modules comprising
interconnected photovoltaic cells with requirement-matched
photovoltaic properties, in particular such that deviations
of the voltage and/or current at the maximum power point of
saild photovoltaic cells are substantially reduced and/or the
power output of the total available photoactive area is
optimized. It is another object of the invention to provide
a method and/or an apparatus for monolithically integrating
further components, such as bypass diodes and/or
resistances, in a photovoltaic module, wherein the
fabrication process and/or the structural composition of
such a module is simplified. It is a further object of the
invention to allow the fabrication of a photovoltaic module
at reduced production costs and/or to provide a photovoltaic
module exhibiting at least one of the above-mentioned

properties,
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At least one of the above objects is achieved with a method
comprising the features of patent claim 1, as well as an
apparatus comprising the features of patent claim 11, as
well as a photovoltaic module comprising the features of
patent claim 12. Advantageous embodiments of the invention
are defined in the dependent claims.

In a method for fabricating monolithically-integrated
photovoltaic modules, the invention suggests that at least
one compositional and/or structural property, in particular
material percentage composition and/or thickness, of said
film layer is varied over said deposition area and said
patterning scheme is applied in such a way that at least one
of said film layer variations in at least one of said area
sections is reduced with respect to the corresponding film
layer variation over said deposition area. In this way, at
least two of said area sections are provided with
substantially differing compositional and/or structural
properties such that at least two of said components exhibit
substantially differing current-voltage characteristics.
Furthermore, said at least two components are interconnected
in parallel for exploiting at least one advantage of said

differing current-voltage characteristics:

One of the advantages may arise from the possibility of
voltage matching of at least two components consisting of
single photovoltaic cells or submodules, each comprising
several photovoltaic cells in a series connection, wherein
said different current-voltage characteristics may comprise
a different current value at a substantially equal voltage
value at the maximum power point and/or a different open
circuit voltage of these components. Another advantage may
include the possibility of a simplified monolithic

integration process of additional components, in particular
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bypass diodes, resistors and/or Zener diodes, wherein said
different current-voltage characteristics may comprise a
different diode threshold voltage and/or a different reverse

breakdown voltage.

Advantageously, saild current-voltage characteristics of at
least two of said components may differ by a factor of at
least 2 percent, more preferred by a factor of at least 5
percent, and most preferred by a factor of at least 10

percent.

Said variations of at least one compositional and/or
structural property of said film layer may occur or be
imposed over said deposition area. In particular, said
compositional and/or structural and/or voltage properties
may comprise the material percentage composition and/or the
thickness of said film layer. In this way, film patterning
processes may be correlated with spatial variations of film
properties such as electronic, compositional,

optoelectronic, or structural properties.

.According to one embodiment, this correlation of patterning

with spatial variations of film properties may be exploited
to tailor photovoltaic cell patterns and geometries such
that each individual photovoltaic cell exhibits comparable
photovoltaic properties and consequently good current and
voltage matching can be achieved. In particular, the
lifetime electricity generation of the module may be
maximized and/or the temporal power output profile of the
module may be optimized, while at the same time conditions
and restrictions on thin-film deposition processes can be
relaxed and/or material utilization yield during the
deposition process may be improved. According to another
embodiment, said correlation of patterning with spatial film

variations may be exploited for creating further tailored



10

15

20

25

30

WO 2011/106902 PCT/CH2010/000057

units such as bypass diodes, resistances, or conductors. The
aforementioned benefits may therefore advantageously
contribute to a decrease of the cost of solar electricity
generation. Preferably, such a tailoring of photovoltaic
cell patterns may be achieved by applying said patterning
scheme in such a way that at least one geometrical property,
in particular the size and/or shape and/or orientation
and/or areal number, of said area sections is varied in
dependence of at least one of said film layer variations. In
this way, single photovoltaic cells and/or submodules, each
comprising several photovoltaic cells in a series
connection, may be provided with a substantially equal

voltage value at thelir maximum power point.

Advantageously, sald patterning scheme may be applied in
such a way as to subdivide said deposition area into area
zones with different compositional and/or structural
properties of said film layer, at least one of said area
zones comprising area sections with essentially the same
compositional and/or structural properties of said film
layer. At least one of saild components in at least one area
zone may be provided by a submodule, each comprising several

single photovoltalc cells in a series connection.

In order to allow matching of said patterning scheme to
specific requirements, said method may comprise the further
steps of determining at least one of said film layer
variations and adjusting said patterning scheme in
dependence thereof. In particular, this step may comprise
measuring of local properties of said film layer by means of
non-destructive tests. Additionally or alternatively, said
determination of at least one of said film layer variations
may be based on empirical values and/or based on theoretical

calculations and/or performed by testing of prior batches



10

15

20

25

30

35

WO 2011/106902 ) PCT/CH2010/000057

and/or by testing of periodic zones of said film layer, in
particular of sacrificial zones, etc.

To achieve a more uniform distribution of said compositional
and/or structural and/or voltage property on said area
sections of said film layer, at least one of said area
sections with a larger size may be arranged in a region
where said film layer variations are small as compared to at
least one of said area sections with a smaller size that is
arranged in a region where the corresponding film layer

variations are larger.

Advantageously, in particular for creating the desired
photovoltaic properties on said area sections, said
patterning scheme may be applied such that the local single
photovoltaic cell current-voltage characteristics in -at
least one submodule is reduced with respect to local
photovoltaic cell current-voltage characteristics of another
submodule by a factor of at least 2 percent, more preferred
by a factor of at least 5 percent and most preferred by a
factor of at least 10 percent.

Advantageously, said application of said patterning scheme
may subdivide the photovoltaic module into zones of improved
homogeneity of photovoltaic properties such that
particularly the voltage at the maximum power point (MPP) in
the predominant zone is increased by at least the open
circuit voltage of a photovoltaic cell thus created in the
zone of lower open circuit voltage properties. Thereby, the
homogeneity improvement permits operating the entire zone
closer to the local MPP conditions and thus improves

efficiency.

Preferably, said forming of a film layer comprises the steps

of evaporating and depositing material on said deposition
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area from at least one material source, wherein said
deposition area is moved with respect to said material
source and said varying of at least one compositional and/or
structural property of said film layer is carried out
transverse to the respective moving direction. Thus, a.
continuous manufacturing process may be provided by varying
said compositional and/or structural property in at least
one or two dimensions and by moving said deposition- area in
a different direction. Such a method may be integrated in a
so called roll-to-roll manufacturing technology for allowing
continuous deposition of said film layer at high speeds
under rolling of said deposition area. For allowing said
rolling, said deposition area may be constituted by a
plastic substrate. |

In order to account for said transverse variation of said
film layer properties, at least two, more preferred at least
three, of said area sections may be disposed in a transverse
direction with respect to said moving direction. In order to
account for an inhomogeneous deposition rate along said
transverse direction, in particular for a smaller variation
of deposed material at a center portion, area sections with
a larger size may be provided at a center portion of said
deposition area with respect to said transverse direction as
compared to area sections located at a side portion.
According to a specific embodiment, said area sections at
said center portion may cover at least two times, more
preferred at least three times, more space in that
transverse direction as compared to said area sections at

sald side portion.

Preferably, said forming of a film layer comprises
evaporating and depositing materials on said deposition area
from separated material sources, wherein the deposition rate

of at least one of said sources is varied over said
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deposition area such that said varying of compositional
properties comprises varying of a percentage composition
and/or an absolute quantity of at least one of said
deposited materials. In this way, a large variety of
possible film layer variations may be achievable, since each
source may be manipulated individually and also the relative
positioning of the sources may be available as an adjustable
parameter.

Said at least one source may be a point source or a linear
source, wherein also sources of any other shape or nature
are conceivable. In particular, saild film variations may be
produced by an inhomogeneous deposition profile of said |
sourée with respect to said deposition area, which results
in variations of the deposition rate on said deposition
area. More preferred, the local deposition rate on said
deposition area may vary with distance and angle from the
part of said source or sources at which material is leaving
the source or sources. In particular, said local deposition
rates may vary from said source or sources by a Lambert-
cosine law or with a similar behavior. Thus in an
advantageous embodiment of the method, deposition-source
profiles may be adapted and correlated with suitable cell
structuring patterns, such as to improve the optoelectronic
properties of photovoltaic cells, bypass diodes,

resistances, Zener diodes or conductors.

Moreover, means to control deposition, in particular
shielding means and/or masking means and/or material guiding
means, may be applied on or in the vicinity of said material
source or sources to control at least one of said film layer
variations. Thus, adequate control of said deposition rate
combined with appropriate application of said patterning
scheme may be used to optimize the output power of said

module, in particular with respect to full illumination
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conditions and/or lifetime performance. Alternatively or
additionally, the useful deposition width on said deposition
area may be optimized thereby. Alternatively or
additionally, optoelectronic properties on at least one
specific position of said film layer may be altered to
provide additional components such as bypass—-diodes and/or

resistances and/or Zener diodes.

More generally, at least one of said compositional and/or
structural properties of said film layer may be varied to
provide at least one bypass-diode and/or resistance and/or
Zener diode comprising at least a portion of said film layer
on at least one of said area sections after application of
sald patterning scheme. In particular, said film layer may
be altered on one or more regions such that degraded
photovoltaic conversion properties are generated in these
regions in which said additional components may be provided.
For instance, at least one of said properties in at least
one of said area sections may be altered such that a lower
or a comparatively negligible photocurrent may be generated
in this area section, or substantially no photocurrent at
all. For instance, said diodes may be placed in a zone where
the material composition deposited on said deposition area
in essence does not generate a photocurrent. A resulting
photovoltéic module may for example comprise several series-
connected submodules, which in turn may consist of one or
several parallel strings of series connected cells.
Different strings may comprise different numbers of cells
with individually designed sizes and/or shapes, and some or
all of these strings may have properties resulting in
reverse bias protection and bypass paths. Preferably, at
least one diode 1s connected so as to block reverse current
flow through the module, thereby providing a blocking diode

Preferably, said diodes are placed in zones in which said
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property variations of said film layer allow a small

threshold voltage of said diodes.

Applying said patterning scheme may enable the production of
varieties of submodules that may include said diodes. Said
diodes may be formed in such a way that they are connected
anti-parallel to parts of the module and/or submodule for
reverse bypass protection. The bypass protection may be
advantageous when at least one parallel submodule produces

less energy than another submodule in the parallel assembly.

Said patterning scheme may therefore be used to produce
submodules of matched voltage at MPP. Said submodules may
contain a variety and a combination of series-connected
cells, tandem cells, and/or multijunction cells. Matched
MPP voltage may be advantageous when connecting submodules
in parallel. When differing submodules are connected in
parallel, the most powerful submodule of the parallel
submodule circuit may be used as a guideline to form less
powerful submodules whose MPP voltage is equal to or
slightly greater than that of the most powerful submodule.
The MPP voltage excess of the less powerful submodules as
compared to the most powerful submodule may be capped by the

open circuit voltage of one of its series-connected cells.

Furthermore, said patterning scheme may be used to form one
or several current producing submodules that exhibit a
Zener-barrier reverse breakdown property or similar
behavior, thereby avoiding reverse breakdown damage to the

module.

According to a specific embodiment of the method, simple
deposition sources with a low degree of sophistication may
be used to deposit thin-film material onto wide substrates.

Resulting spatial variations of film properties may then be
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tolerated in that they do not give rise to module

performance losses as compared to prior art devices.

The method is particularly suited for a film layer that is
formed by, but not limited to, an ABC, material, wherein A
represents Cu or Ag, B represents group 13 materials of the
periodic table of elements as defined by the International
Union of Pure and Applied Chemistry, including in particular
In, Ga, or Al, and C represents S, Se, or Te. For instance,
said film layer may be formed of Cu(In,Ga)Se, which is
particularly suited for the implementation of this method.
However, also other materials are conceivable such as CdTe-

layers.

For a film layer formed by saild ABC, material the deposition
rate and distribution may be varied spatially so that in
said area sections the material thickness deviates in at
least two of said area sections by at least 5 percent and/or
at most 30 percent, preferably at most 20 percent.
Additionally or alternatively, the compositional ratio of Cu
to group 13 material of the periodic table of chemical
elements as defined by the International Union of Pure and
Applied Chemistry may range from 0;6 to 0.9.

Said application of a patterning scheme may be achieved by
mechanical scribing or laser scribing. Application of any
other adequate means is also conceivable. Saild application
of a patterning scheme may be executed between two or
several successive production steps, in particular between
successive deposition of various layers. Said application of
a patterning scheme may also be executed after deposition of
all layers. Alternatively, a formation of interconnections
and/or insulation may be achieved by deposition of various
materials, such as contact grids and/or polymers, wherein

further materials are also conceivable. In particular, said
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patterning may result in interconnected cells, submodules

with several cells, and/or diodes.

According to a further aspect of the invention, an apparatus
for the fabrication of monolithically-integrated
photovoltaic modules is provided, said apparatus comprising
at least one evaporation source that is adapted to deposit a
film layer with at least one compositional and/or structural
property varying over said deposition ‘area and a patterning
means that is adapted to divide said film layer into at
least two of saild area sections with substantially differing
compositional and/or structural properties, such that at
least two of said components exhibit substantially differing
current-voltage characteristics. Furthermore, said apparatus
is adapted to interconnect said at least two components in

parallel.

Advantageously, said apparatus may in particular be adapted
for a variation of the material percentage composition
and/or the thickness of said film layer. According to a
specific embodiment, said sources may comprise at least one
of Cu, Ag, In, Ga, Al, S, Se and Te sources. Preferably,
sald apparatus further comprises means to control
deposition, in particular shielding means and/or masking
means and/or material guiding means, for at least one of
sald material sources in order to control at least one of
said film layer variations.

Preferably, said apparatus is in particular suited for
execution of the above described method and may further
comprise at least one additional appropriate means known in

the art per se for conducting various steps of this method.

According to another aspect of the invention, a photovoltaic

module 1is provided comprising at least one film layer
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divided into electrically interconnected area sections,
wherein at least a portion of said film layer constitutes a
photoactive layer. The module further comprises electrically
interconnected components each comprising at least one of
said area sections. At least two of said area sections of
said film layer are provided with substantially differing
compositional and/or structural properties, such that at
least two of said components exhibit substantially differing
current-voltage characteristics. Said at least two
components are interconnected in parallel for exploiting at
least one of the advantages arising from said differing
current-voltage characteristics. Thus, photovoltaic
properties may be improved in such a module, in particular
according to the above described manner. Furthermore, an
implementation of additional components, such as diodes
and/or resistances may be provided, in particular according
to the above described manner. Thus, a bypass diode and/or
resistance comprising at least a portion of said film layer
may be provided by at least one of said components. In
particular, . said area sections may vary in their material

percentage composition and/or thickness of said film layer.

Advantageously, said film layer may be divided into area
zones with different compositional and/or structural
properties of said film layer, at least one of said area
zones comprising area sections with essentially the same
compositional and/or structural properties of said film
layer, and at least one of said components is provided by a
submodule comprising a series connection of photovoltaic
cells each comprising one of said area sections in said at
least one area zone. Furthermore, at least two of said area
sections may be provided with a different geometrical
property comprising at least one of size, shape, orientation

and areal number.
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Preferably, such a photovoltaic module may exhibit
advantageous performance properties according to which the
voltage and/or current at the maximum power point (MPP) of
said at least two photovoltaic cells and/or submodules may
differ. Alternatively or additionally, this may be achieved
if at least one of said area sections with a smaller areal
size is provided more closely to a side portion of said
photoactive layer as compared to at least one of said area
sections with a larger areal size. Thereby, several or each
of said area sections may constitute a photoactive device,
in particular a photovoltaic cell or above mentioned

submodule.

Advantageously, repeating arrangements of at least two of
sald area sections may be provided, in particular in the
form of above mentioned submodules, said repeating
arrangements being subsequently disposed in at least one
direction of said film layer. In such a way, various zones
with substantially identical properties may be provided in a
continuous fabrication process. Advantageously, all
photoactive area sections enclosed in one of said repeating
arrangements may be bypassed by at least one of said bypass
diodes and/or resistances and/or Zener diodes. This allows
comparatively stable operation of the module even if
portions of its surface are shaded and/or one or several
single cells exhibit poor photovoltaic performance

properties.

Advantageously, at least two rows of area sections may be
disposed substantially parallel to each other on said film
layer, wherein said differing compositional and/or
structural properties of said film layer are provided for at
least two of said area sections in different rows. As such,
several or each of said area sections may constitute a

photoactive device, in particular a photovoltaic cell or
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submodule. Said area sections may be in series connection
along said rows and/or in parallel connection in between
said rows. In this way, matching of the voltages at the MPP
of said area sections of each row may be achieved.

Advantageously, said area sections in different rows may
differ in their respective length in the direction of said
variation of said compositional and/or structural property
of said film layer. Such an arrangement may be particularly
suited for voltage matching between different rows.
Furthermore, said rows with shorter area sections in the
direction of said variation of said compositional and/or
structural property of said film layer may contain a larger
number of area sections in order to achieve said voltage

matching of said rows.

Advantageously, repeating arrangements of said submodules
may be disposed along the length of said film so as to
constitute said module, said repeating arrangement of
submodules being bypassed by at least one of saild bypass
diodes.

Advantageously, said photovoltaic module may be fabricated
in a method and/or an apparatus as described above. Thus,
said photovoltaic module may comprise at least one feature
resulting from this fabrication method, in particular
according to the above description and/or for achieving at
least one of the above described advantages. Furthermore,
the above described method and/or apparatus may also
comprise adequate steps and/or means for fabricating the
described photovoltaic module.

The invention is described in more detail in the following
description of preferred exemplary embodiments with

reference to the accompanying drawings.
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BRIEF DESCRIPTION OF THE DRAWINGS

Fig.

Fig.

Fig.

Fig.

Fig.

Flg.

Fig.

1

is a schematic view of a photovoltaic module

comprising several submodules;

is a schematic view of a submodule of the

photovoltaic module shown in Fig. 1;

is a circuit diagram representing an ideal

and a real photovoltaic cell;

is a circuit diagram representing a
photovoltaic module comprising several

submodules;

is a schematic view of an apparatus for the
fabrication of monolithically-integrated
photovoltaic modules;

is a diagram representing the amount of
material deposited on a deposition area by

means of the apparatus shown in Fig. 5; and

is a diagram representing the corresponding
material percentage composition of the

deposition profile according to Fig. 6.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

Subsequently, a manufacturing method and resulting

monolithically integrated thin-film photovoltaic modules are

described, where film patterning processes are correlated

with spatial variations of film properties such as

electronic, compositional, optoelectronic, or structural
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properties. As a result, units with homogeneous properties
across their area, e.g., photovoltaic cells with homogeneous
optoelectronic performance, can be created. Properties may
vary from unit to unit, however. In this way, a potentially
inhomogeneous large-area film or film stack can be divided
into comparatively homogeneous zones. This, on the one hand,
allows to improve the electricity generation performance of
a module relative to the performance of a conventionally-
scribed module exhibiting some inhomogeneous film
properties, while on the other hand it also allows to relax
the demands on the deposition sources. The latter is because
inhomogeneous material deposition profiles no longer lead to
degraded module performance. This is advantageous in that
one may then employ less sophisticated and more robusf and
less expensive deposition sources while improving material

utilization yield.

The determination of local film properties may be based on
theoretical considerations originating from knowledge about
the source properties, on analysis of éxperimental data
gathered from prior runs, or on methods that allow the local
analysis of materials properties immediately before

calculating and applying the optimal patterning scheme.

In one embodiment of the invention, one or several films on
a substrate are patterned such that any so-defined lowest-
level submodule contains current-matched photovoltaic cells.
Furthermore, such submodules connected in series and/or
parallel can also be designed to be current and/or voltage
matched, such that every photovoltaic cell can be operated
at its maximum power point, or at least such that no
photovoltaic cell under operation delivers less than 90
percent of the power it could deliver at its maximum power
point (MPP).
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Fig. 1 depicts a photovoltaic module 1. The module 1
comprises different homogeneous zones 2-6. Zones 2-6
substantially extend parallel to each other in one
longitudinal direction essentially over the whole module
length and thus cover most of the module surface. Both ends
of each of the zones 2-6 are connected to busbars 7, 8,
corresponding to a cathode 7 and an anode 8 for a total
collection of the photocurrent generated by module 1. Zones
2-6 comprise a module bypass zone 2, a first photovoltaic
cell zone 3, a second photovoltaic cell zone 4, a submodule
bypass zone 5, a third photovoltaic cell zone 6, and a
blocking diode zone 20.

In Fig. 1, the first photovoltaic cell zone 3 comprises
fifteen photovoltaic cells 9 interconnected in series via
contacts 10 to a submodule 3 and constitutes a secondary
power—generating submodule 3. The second bhotovoltaic cell
zone 4 comprises twelve photovoltaic cells 11 which are
series-connected via contacts 12 and 13 and constitutes a

main power-generating submodule 4. The third photovoltaic

~cell zone 6 comprises sixteen photovoltaic cells 14 which

are series-connected via contacts 15 and 13 and constitutes
a second secondary power-generating submodule 6. The main
power-generating submodule 4 is disposed at the center of
the module 1 and its photovoltaic cells 11 are approximately
six times larger compared to the substantially equally sized
photovoltaic cells 9, 14, of the secondary power-generating
submodule 3 and of the second secondary power—-generating
submodule 6 respectively. Thus, the total area covered by
the main power-generating submodule 4 roughly corresponds to

the summed up area covered by the other zones 2, 3, 5, 6.

The submodule bypass zone 5 is disposed below the third
photovoltaic cell zone 6 and comprises four bypass diodes 16

that are interconnected in series wvia contacts 17 and 13.



10

15

20

25

30

35

WO 2011/106902 PCT/CH2010/000057

_22_

The module bypass zone 2 comprises one bypass diode 18
extending essentially over the whole module length and being
interconnected with cathode 7 and anode 8 via contacts 19.
The widths of bypass diode 18 from module bypass zone 2 and
bypass diodes 16 from submodule bypass zone 5 are
essentially the same and roughly correspond to the side
length of the essentially square shaped photovoltaic cells
9, 14, of the secondary power-generating submodules 3, 6.
The end side at anode 8 is formed by a blocking diode zone
7, comprising a blocking diode 21 in which the anode busbar
8 is included and that is interconnected in series with all

zones 2, 3, 4, 5, 6 via a contact 22.

The positions of the three contacts 13 define four parallel
upright zones 23, 24, 25, 26 corresponding to larger
parallel submodules 23, 24, 25, 26. The parallel submodules
23, 24, 25, 26 correspond to a repeating arrangement of a
group of above described components. Therefore, each
parallel submodule consists of three series-connected
photovoltaic cells 11 from main power-—-generating submodule
4, four series-connected photovoltaic cells 14 from the
second secondary power-generating submodule 6, and one
intermediate bypass~diode 16 from submodule bypass zone 5,
that are interconnected in parallel via contacts 13 at the

. ends of each parallel submodule 23, 24, 25, 26.

Each of the described zones 2, 3, 4, 5, 6 comprises at least
one area section fabricated by application of a patterning
scheme on a film layer 90 as depicted in Fig. 5 and further
detailed below. Each of the described photovoltaic cells 9,
11, 14 and bypass diodes 16, 18 comprises one of these area
sections which subsequently are - for simplicity reasons -
denoted with the corresponding reference numeral 9, 11, 14,
16, 18. All area sections 9, 11, 14, 16, 18 in the same zone

2, 3, 4, 5, 6 substantially exhibit the same compositional
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and/or structural properties of film layer 90. However, area
sections 9, 11, 14, 16, 18 in at least two different zones
2, 3, 4, 5, 6 exhibit different compositional and/or
structural properties of film layer 90. For instance, area
sections 11 differ in their film layer properties from area
sections 9, 14, 16, 18 and area sections 9, 14 also differ

in their f£ilm layer properties from area sections 16, 18.

Fig. 2 depicts one parallel submodule 24. The single
portions of zones 4 and 6 in each parallel submodule 23, 24,
25, 26 correspond to lowest-level submodules 34, 36. Thus,
the lowest-level submodules 34, 36 and a submodule bypass
diode 16 are connected in parallel.

Accordingly, the zones 2, 3, 6 correspond to different rows
of photoactive area sections 9, 11, 14, wherein said rows 2,
3, 5 are disposed substantially parallel to each other.
Furthermore, zones 2, 5 correspond to rows consisting of one
or more bypass diodes 17, 18 that are also arranged
essentially in parallel with respect to rows 2, 3, 5. All
area sections of photovoltaic cells 9, 11, 14 as well as the
diodes 16, 18, 21 are formed from the same film layer 90 by
application of the patterning scheme, i.e. their respective
surface area corresponds to different area sections of the
same film layer 90. Contacts 10, 12, 15, 17 are formed from
a different layer that is subsequently deposited on said
film layer and by applying a different patterning scheme.
The different sizing of said area sections of photovoltaic
cells 9, 11, 14 allows matching of voltages at their maximum
power point (MPP) despite variations of film layer
properties in the upright direction. The different sizing of
area sections with respect to film layer variations is
further exploited for the formation of components with
different properties, in particular which do not serve as
photovoltaic generators, e.g., diodes 16, 18, 21.
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The secondary submodules 3, 6 are voltage matched to each
other and to the main power-generating submodule 4. The
lowest-level submodules 34, 36 are also voltage matched with
respect to each other and with lowest-level submodules 34,
36 of other parallel submodules 23, 24, 25, 26. In a real
embodiment, a module would typically contain more elements
than shown in Fig. 1, thereby easing voltage matching
between individual submodules. Furthermore, the cell
proportions could be different.

It is assumed in this ‘example depicted in Fig. 2 that the
material properties of zone 6 are such that the cells in
this zone have an MPP voltage that is about 75 percent lower
than the MPP voltage of the cells in zone 4. Hence, both
lowest-level submodules exhibit the same submodule %oltage
when all cells are operated at their MPP, i.e., they are
voltage matched, which is ideal for the parallel connection.
In this way, current generated by cells in zone 6 can be

used to contribute to the total module current.

If current common state-of-the-art patterning methods were
applied, this would have the disadvantage of producing
larger cells compared to the advantageous structuring of
cells into zones 4 and 6 according to the above described
method combined with parallel connection of cells from zones
4 and 6. A further disadvantage of applying current common
state-of-the-art methods would result in the operating
voltage being dragged away from the local maximum power
points of both zones, therefore effecting a low power output
of the module.

In a further embodiment, the power output of a module is
maximized, when the module contains submodules with

different material properties connected in parallel. For
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example, with reference to Fig. 2, a submodule 36 with a
lower (predicted) independent power output at its MPP is
patterned to produce a different number of series connected
cells so that its submodule MPP voltage at least equals the
MPP voltage of the submodule 34 with superior power
production properties, wherein within this restriction, the
MPP voltage of secondary submodule 36 remains as closely
matched to the MPP voltage of the main power producing
submodule 34, as can be achieved by the described method of
subdividing submodule 3, or 36, into the adequate number of
series connected cells. The resulting difference in MPP
voltage between main and secondary submodules will therefore
be strongly reduced.

In such a way it is guaranteed that the main submodule 4 can
work at or close to its MPP at all times, while the
secondary submodule 36 or submodules 3 and 6 remain close to
their MPP and thus contribute to overall power generation
even if they are made out of material yielding inferior
cells. There may be more than two submodules 34, 36
connected in parallel. In this case, the MPP voltage of the
most power-generating submodule 4 is chosen and subsequently
serves as reference for the MPP voltage determination of the
remaining submodules 3, 6, as described above. Patterning of
modules that does not consider this, for example in modules
with cells spanning over inhomogeneities, suffer extensively
from power loss by current flowing back through the forward-
biased junctions of the zones with lowest open-circuit

voltage.

Fig. 3 depicts a representation of a photovoltaic cell 40 in
a circuit diagram. In an idealized case the photovoltaic
cell 40 consists of a current generator 41 and a diode 42
connected anti-parallel, i.e., the diode's forward current

flows in a direction opposite to the direction of the
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generator's current flow. Once a voltage exceeding the
diode’s 42 threshold voltage exists over the photovoltaic
cell terminals 43, a significant part or all of the current
generated by the current generator 41 can flow back through
diode 42 and hence through the photovoltaic cell. A simple
equivalent circuit of a non-ideal cell includes a shunting
or parallel resistance 44 and a series resistance 45 to more
adequately describe a real photovoltaic cell. An optional
bypass diode 46 may also be integrated in the cell design.

Fig. 4 is a circuit schematic diagram of a photovoltaic
module 50 equivalent to module 1 depicted in Fig. 1. In Fig.
4, elements in brackets 51, 52, 53 are understood as being
series~connected with as many repetitions as the respective
bracket index n, m, p, which represents a positive integer,
indicates. The represented module 50 consists of a series
connection of p submodules 53, a module bypass diode 54, and
a blocking diode 55 to prevent any current from flowing back
through the module. Each of the p submodules 53 is a
parallel connection of two lower-level submodules 51, 52,
and of a submodule bypass diode 56. One of the lower-level
submodules is made of a series connection of n cells
represented as ideal photovoltaic cells with a current
generator 57 and a diode 58 for simplicity, each connected
in parallel with an optional bypass diode 59 as in Fig. 2.
The other of the lower-level submodules 52 is made of a
series connection of m cells with a current generator 60 and
a diode 61, each connected in parallel with an optional
bypass diode 62 as well.

Common patterning methods would result in an equal number of
cells per submodule m and n, irrespective of the
optoelectronic properties of the cells, or there would be no
splitting at all into two parallel—cbnnected submodules,

i.e., n would be equal to zero. In contrast, the above-
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described patterning scheme suggests that the optoelectronic
properties of different zones 2, 3, 4, 5, 6 of the deposited
films are taken into.account and patterning is performed
accordingly, such that the voltage over the n cells of one
submodule 51 equals the voltage over the m cells of the
other submodule 52, thereby advantageously enabling all p
submodules 53 to generate more electrical power as compared

to common patterning methods.

In Fig. 2, an example of one of the p submodules 53

~according to Fig. 4 is illustrated, where n = 3 for

submodule 34 and m = 4 for submodule 36 and an additional
submodule bypass diode 17 is added. Typically, m and n would
stand for larger numbers than 3 or 4, e.g. of the‘order of
10-50. The configuration shown in Fig. 4 is one example of
countless combinations of submodules, cells, and/or bypass
diodes, where every submodule again may consist of one or
several submodules, cells, and/or bypass diodes. The most
suitable combination depends on the optoelectronic
properties of the material to be patterned and the geometry
of the module.

In a further embodiment, a partially shaded or damaged
module is protected from significant and permanent or
further damage while its power output is increased. The
module is assumed to contain a zone (PV-Zener zone) where
photovoltaic cells with low reverse-breakdown voltage can be
created. Such photovoltaic cells correspond to a
photovoltaic Zener diode, i.e., a Zener diode showing
photovoltaic activity. One could also speak of a parallel
connection of a Zener diode with a photovoltaic cell, where
the reverse breakdown is determined by the Zener diode and
the forward current flow threshoid is determined by the
photovoltaic cell. Patterning is performed such that in a

zone, one or several submodules are generated by parallel
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connection with main power-generating submodules. In this
way, such a submodule serves as a reverse bias protection to
the module section it spans. At the same time, said

submodule still yields power under illumination.

In yet another embodiment concerning the patterning scheme,
thereby protecting partially shaded or damaged modules from
permanent or further damage and allowing to increase their
power output, bypass diodes that are either permanently
shaded from irradiation, or do not generate a photocurrent
when illuminated, are formed in a zone where preferably the
threshold voltage is less than the threshold voltage of the
zones containing the main cells. A low threshold voltage is
desirable because the electric losses in case of an active
bypass are proportional to the voltage drop it creates.
Shading of photoactive diodes is favorable because
photocurrent generated in an anti-parallel connected element
is opposed to the current produced in the cells of the
module, thus eliminating part of the net current and power
created by the module. These properties can be achieved by
depositing films with inhomogeneous composition in this
zone. There are many film compositions that give rise to
devices with diode behavior generating only small amounts of
or no photocurrent.

Fig. 5 schematically illustrates an apparatus 70 for the
fabrication of monolithically-integrated photovoltaic
modules, such as module 1 depicted in Fig. 1. The apparatus
comprises three material sources 71-73, an In/Ga-source 71,
a Se-source 72 and a Cu-source 73, which are suited to
deposit a film layer consisting of Cu(In,Ga)Se, on a
deposition area 74. The deposition area 74 may consist of a
substrate that is continuously moved in a transport
direction 75 that is transverse to the respective deposition

profiles 76-78 of material sources 71-73. As becomes
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apparent from the particular shape of each of the deposition
rate profiles 76-78, the deposition rate of each of the
materials is varled in a transverse direction 79 with
respect to the transport direction 75. Therefore, transverse
direction 79 corresponds to the upright direction of module
1 also depicted in Fig. 1. The variation of material
deposition rate of sources 71-73 can be controlled by
applying deposition control means 80, which are
schematically illustrated on both sides of source 73 in Fig.
5.

Fig. 6 is an area chart that shows the total amount of the
different materials 91-93 that are deposited on deposition
area 74 in said transverse direction 79 after passing the
three sources 71-73, respectively, such that a film layer 90

is formed on deposition area 74.

Fig. 7 is an area chart that shows the corresponding
material percentage composition of film layer 90 in said

transverse direction 79.

In order to achieve suitable film properties for bypass
diode elements, which are typically very different from the
film properties aimed at for photovoltaic cells, it may be
necessary to influence a deposition process to induce
different material properties in the bypass diode zone 2, 5
of the films. A rapid material deposition transition from
cell zones to bypass zones is desirable for exploiting the
largest possible part of the module with high quality cells
so that a rapid spatial transition to zones with low
threshold voltages for the bypass can be achieved. For
example, deposition control means 80 in the form of screens,
shields, or shadow masks may be employed to alter the
effective deposition profiles of certain sources, as
illustrated in Fig. 5.
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The shading of a bypass diode on the other hand can be
achieved as a post cell production step, and using bypass
material similar to the cell material may be an adequate
solution in this case.

The practicability of the described method and apparatus may
be demonstrated on the example of a CIGS (copper—indium—
gallium-diselenide) absorber based photovoltaic cell. These
cells typically consist of a molybdenum back contact, on
which the CIGS absorber layer, forming the p-type
semiconductor, is deposited. Typically, the CIGS layer is

~ coated by a CdS buffer layer and one or two undoped or doped

Zn0 layers as n-type semiconductors and as a transparent

conductive window layer, serving as front contact.

The cells produced by this process show very important
dependencies between copper content and photoelectric
properties. More specifically, it has been measured that a
standard Cu:In:Ga:Se atomic percentage composition of about
22:23:5:50 yields cells with a photovoltaic light to
electricity conversion efficiency exceeding 10 percent.
These cells typically show a short-circuit current density
of about 30 mA/cm? and an open-circuit voltage of about

550 mV. Increasing the relative copper content reduces both

short circuit current density and open circuit voltage of

the cells. It is thus clear that the standard composition

could be used for the main power generating elements in a
module.

If for example in an evaporation process the homogeneity
over the width of the entire substrate is poor, whether
originating from deliberate placement of shields, from
source design, or from any other intentional or

unintentional reason, zones with higher copper content may



10

15

20

25

30

35

WO 2011/106902 PCT/CH2010/000057

- 31 -

exist. Since cells in these zones exhibit reduced open-
circuit voltage it is preferable to create parallel
submodules 2, 3, 4, 5, 6 in these zones to avoid draining
the voltage away from each zone’s MPP as described above. By
further increasing the copper content above 24% the
photocurrent becomes small or even zero while the open
circuit voltage decreases to below 300 mV. Such material is
well suited for shaded, or if negligible current is
generated, unshaded bypass diodes as explained above.
Furthermore, compositions with increased copper content can

show Zener-diode behavior at voltages as low as -500 mv.

In one exemplary embodiment of the present invention related
to CIGS photovoltaic cells, a small additional copper flux
towards the centerline of the module in its moving direction
may generate a bypass diode zone along this line that does
not require shading. Furfhermore, since it is in the middle
of the module, the bypass diode advantageously provides the
least resistive losses when the current has to be collected

over the module width to be passed through the diode.

In another embodiment of the present invention related to
CIGS photovoltaic cells, a copper-rich zone is created near
the edges of the module where framing of the module could
easily shade the diodes.

In yet a further embodiment, previously described
embodiments may be combined as illustrated in Fig. 1, for
example, to yield a photovoltaic module optimized for a
given application, may this be lifetime energy yield, damage
tolerance, process yield, manufacturing cost per kWh,

manufacturing cost per Watt peak, or further demands.

Numerous alterations of the method, apparatus, and module

described herein will suggest themselves to those skilled in
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the art. It is to be understood that the present disclosure
relates to preferred embodiments of the invention which are
for purposes of illustration only and are not to be
construed as a limitation of the invention as defined by the
claims.
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Claims

1. A method for fabricating monolithically-integrated
photovoltaic modules (1, 50) comprising the steps of forming
a film layer (90) on a deposition area (74) such that at
least a portion of said film layer (90) constitutes a
photoactive layer, applying a patterning scheme for dividing
said film layer into area sections (9, 11, 14, 16, 18, 21)
and providing electrically interconnected components each
comprising at least one of said area sections (9, 11, 14,
16, 18, 21), characterized in that at least one
compositional and/or structural property, in particular
material percentage composition and/or thickness, of said
film layer (90) is varied over said deposition area (74) and
said patterning scheme is applied in such a way that at
least one of said film layer variations in at least one of
said area sections (9, 11, 14, 16, 18, 21) is reduced with
respect to the corresponding film layer variation over said
deposition area (74) for providing at least two of said area
sections (9, 11, 14, 16, 18, 21) with substantially
differing compositional and/or structural properties such
that at least two of said components exhibit substantially
differing current-voltage characteristics, wherein said at

least two components are interconnected in parallel.

2. The method according to claim 1, characterized in that
said patterning scheme is applied in such a way as to
subdivide said deposition area into area zones (2, 3, 4, 5,
6) with different compositional and/or structural properties
of said film layer, at least one of said area zones (2, 3,
4, 5, 6) comprising area sections (9, 11, 14, 16, 18, 21)
with essentially the same compositional and/or structural
properties of said film layer, and at least one of said
components is provided by a submodule comprising a series

connection of photovoltaic cells each comprising one of said



10

15

20

25

30

35

WO 2011/106902 PCT/CH2010/000057

- 34 -

area sections (9, 11, 14, 16, 18, 21) in said at least one

area zone (2, 3, 4, 5, 6).

3. The method according to claim 2, characterized in that
sald patterning scheme is applied in such a way that area
sections (9, 11, 14, 16, 18, 21) in at least two of said
different area zones (2, 3, 4, 5, 6) are provided with a
different geometrical property comprising at least one of
size, shape, orientation, and areal number such that at least
two of said submodules exhibit a substantially equal voltage

value at their maximum power point.

4. The method according to at least one of claims 1 to 3,
characterized in that said different current-voltage
characteristics comprises at least one of the current value
at a substantially equal voltage value at the maximum power
point, the open circuit voltage, the reverse breakdown
voltage, and the diode threshold voltage.

5. The method according to at least one of claims 1 to 4,
characterized in that said current-voltage characteristics
of at least two of said components differs by a factor of at
least 2 percent, more preferred by a factor of at least 5
percent, and most preferred by a factor of at least 10

percent.

6. The method according to at least one of claims 1 to 5,
characterized in that the compositional ratio of Cu is
varied in said film layer in a range of 0.6 to 0.9 with
respect to group 13 material of the periodic table of
chemical elements as defined by the International Union of

Pure and Applied Chemistry, in particular In, Ga, or Al.

7. The method according to at least one of claims 1 to 6,

characterized in that said forming of a film layer (90)
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comprises evaporating and depositing material on said
deposition area from at least one material source (71, 72,
73), wherein said deposition area (74) 1s moved with respect
to said material source (71, 72, 73) and said varying of at
least one compositional and/or structural property of said
film layer (90) is carried out transverse to the respective
moving direction (75).

8. The method according to at least one of claims 1 to 7,
characterized in that said forming of a film layer (90)
comprises evaporating and depositing materials on said
deposition area from separated material sources (71, 72,
73), wherein the deposition rate of at least one of said
sources (71, 72, 73) is varied over said deposition area
(74) such that said varying of compositional properties
comprises varying of a percentage composition and/or an
absolute quantity of at least one of said deposited

materials.

9. . The method according to at least one of claims 7 to 8,
characterized in that deposition controlling means (80), in

particular shielding means and/or masking means and/or

material guiding means and/or film layer variation measuring

means, are applied on said material source or sources (71,
72, 73) for controlling at least one of said film layer (90)

variations.

10. The method according to at least one of claims 1 to 9,
characterized in that at least one of said compositional
and/or structural properties of said film layer (90) is
varied for providing at least one bypass diode (17, 18, 55,
56, 59, 62) and/or resistor and/or Zener diode comprising at
least a portion of said film layer (90) on at least one of
said area sections (9, 11, 14, 16, 18, 21) after applying of
said patterning scheme.
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11. An apparatus for the fabrication of monolithically-
integrated photovoltaic modules (1, 50), in particular for
executing the method according to at least one of claims 1
to 10, comprising at least one evaporation source (71, 72,
73), in particular at least one of Cu, Ag, In, Ga, Al, S, Se
and Te sources, for forming a film layer (S0) on a
deposition area (74), at least a portion of said film layer
(90) constituting a photoactive layer, and a patterning
means for dividing said film layer (90) into electrically
interconnectable area sections (9, 11, 14, 16, 18, 21),
characterized in that said evaporation source (71, 72, 73)
is adapted for depositing said film layer (90) with at least
one compositional and/or structural property, in particular
material percentage composition and/or thickness, varying
over said deposition area (74) and said patterning means is
adapted for dividing said film layer (90) into at least two
of said area sections (9, 11, 14, 16, 18, 21) with
substantially differing compositional and/or structural
properties such that at least two of said components exhibit
substantially differing current-voltage characteristics,
wherein said apparatus is adapted for interconnecting said
at least two components in parallel.

12. A photovoltaic module comprising at least one film
layer (90), at least a portion of said film layer (90)
constituting a photoactive layer, said film layer (90) being
divided into area sections (9, 11, ‘14, 16, 18, 21), and
electrically interconnected components each comprising at
least one of said area sections (9, 11, 14, 16, 18, 21),
characterized in that at least two of said area sections (9,
11, 14, 16, 18, 21) of said film layer (90) are provided
with substantially differing compositional and/or structural
properties, in particular material percentage composition

and/or thickness, such that at least two of said components
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exhibit substantially differing current-voltage
characteristics, said at least two components being:
interconnected in parallel.

13. The photovoltaic module according to claim 12,
characterized in that at least two of said area sections (9,
11, 14, 16, 18, 21) are provided with a different
geometrical property comprising at least one of size, shape,

orientation, and areal number.

14. The photovoltaic module according to claim 12 .or 13,
characterized in that said film layer is divided into area
zones (2, 3, 4, 5, 6) with different compositional and/or
structural properties of said film layer, at least one of
said area zones (2, 3, 4, 5, 6) comprising area sections (9,
11, 14, 16, 18, 21) with essentially the same compositional
and/or structural properties of said film layer, and at
least one of said components is provided by a submodule
comprising a series connection of photovoltaic cells each
comprising one of said area sections (9, 11, 14, 16, 18, 21)
in said at least one area zone (2, 3, 4, 5, 6).

15. The photovoltaic module according to at least one of
claims 12 to 14, characterized in that a bypass diode (17,
18, 55, 56, 59, 62) and/or resistor and/or Zener diode is

provided by at least one of saild components.
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