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METHOD FOR THIN-FILM VIA SEGMENTS
IN PHOTOVOLTAIC DEVICE

TECHNICAL FIELD

[0001] The present invention relates to vias and mono-
lithic interconnects in thin-film optoelectronic devices such
as between cells of photovoltaic modules.

BACKGROUND ART

[0002] Thin-film photovoltaic modules are generally com-
posed of a number of electrically interconnected optoelec-
tronic components. Such components may be optoelectronic
devices such as photovoltaic cells and additional optional
components such as diodes and other electronic devices.
Photovoltaic modules usually also include electrically inter-
connecting components such as cell-to-cell connectors and
busbars.

[0003] Multilayer thin-film technologies enable the mono-
lithic integration and interconnection of several optoelec-
tronic components and associated components on a same
substrate. This integration is produced in situ using a
sequence of layer deposition and scribing techniques. Thin-
film optoelectronic or photovoltaic components or devices
are essentially composed of a stack of three material layers:
a conducting back-contact electrode layer, a semiconductive
photovoltaic material layer, also known as the absorber, and
another conducting front-contact electrode layer, said front-
contact layer usually being transparent. Photovoltaic cells
based on semiconductive material, such as Cu(In,Ga)Se,,
which is abbreviated CIGS, show a high potential for less
expensive solar electricity, lower energy payback time, and
improved life-cycle impact compared to traditional wafer-
based silicon photovoltaic devices or solar cells.

[0004] Compared to wafer-based photovoltaic devices,
monolithic photovoltaic modules may have lower costs
thanks to reduced material quantities used to form the thin
films that form part of the photovoltaic components, reduced
labor costs of monolithic integration, and ease of automatic
production of large quantities of photovoltaic modules, for
example using roll-to-roll manufacturing techniques. Fur-
ther savings can be obtained by increasing the relative area
of the photovoltaic components exposed to light, for
example, by reducing the area occupied by front-contact
grids that collect current over the photovoltaic cell’s front-
contact electrode, electrical interconnects between optoelec-
tronic components and busbars. Photovoltaic module pro-
duction yields may also be increased thanks to a reduction
in the number of production steps, for example by reducing
the number of scribing operations needed to delineate and
structure the interconnects of optoelectronic components in
thin-film monolithic photovoltaic modules.

[0005] U.S. Pat. No. 7,276,724 describes series-intercon-
nected optoelectronic device modules thanks to the forming
of wrap-through vias, for example using laser ablation, and
the addition of conductive material to drive current between
electrodes as well as to adjacent modules. Wrap-through vias
usually require drilling and subsequent metalizing. This
requires additional production steps which may add costs
and decrease yield. Some of these steps are avoided with the
monolithic optoelectronic module production method of
WO02011/148346 which describes forming via holes with
copper-rich CIGS-type walls derived from partial melting of
the absorber layer’s CIGS material.
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[0006] For some applications, there is a need for a thin-
film optoelectronic device and a method of forming the same
that comprises via holes shaped as line segments and varia-
tions thereof.

SUMMARY OF INVENTION

[0007] A problem in the field of monolithic photovoltaic
module production relates to reliably manufacturing highly
conductive via hole interconnects between photovoltaic
components, such as photovoltaic cells. Embodiments pro-
vided herein may include a method to reliably interconnect
cells of thin-film monolithic photovoltaic module appara-
tuses at decreased cost and high production yield. The
method can also be used to manufacture interconnects
between various components of monolithic photovoltaic
modules that may comprise photovoltaic cells, diodes, grids,
and busbars. The method’s speed and large processing
window are advantageous to industrial production of mono-
lithic photovoltaic module apparatuses using roll-to-roll
production methods. Embodiments of the disclosure pro-
vided herein may further comprise a thin-film optoelectronic
device that has via hole line segments and a method of
reliably manufacturing such line segments at a high speed.
[0008] A problem in the field of manufacturing of mono-
lithic interconnects using lasers is that the processing win-
dow requires very careful adjustment of laser scribing
parameters, even more so when laser scribing photovoltaic
materials are formed on a flexible substrate.

[0009] A further problem, which is accentuated when laser
scribing photovoltaic materials formed on a flexible sub-
strate, is that monolithic interconnects may exhibit varia-
tions in the manufactured repeatability of their conductivity.
[0010] Yet another problem is that laser scribing may
damage various layers of the photovoltaic material and
cause cracks and local layer delamination of the materials
from the flexible substrate. This is especially true when
scribing with pulsed lasers.

[0011] Embodiments of the disclosure thus may take
advantage of a scribing method, preferably using a laser,
where heat generated by the scribing process locally trans-
forms material layers surrounding the scribed cavities so as
to cause increased conductivity, thereby enabling the design
and production of cost-efficient series-interconnected opto-
electronic components and subsequent monolithic optoelec-
tronic module apparatuses.

[0012] One embodiment of the present invention is created
by providing thin-film photovoltaic material, such as a CIGS
cell or a module where the back-contact layer may have been
patterned with cells, and scribing line segment via holes into
the thin-film material so as to form at least one conductive
monolithic interconnect between a portion of the back-
contact layer and a portion of the front-contact layer.
[0013] Embodiments of the disclosure may thus provide a
method of fabricating monolithically-integrated optoelec-
tronic modules that includes a method of forming at least
one thin-film CIGS device, comprising forming at least one
line segment via holes in a region of said thin-film CIGS
devices, said devices comprising at least one front-contact
layer, one semiconductive optoelectronically active layer,
one back-contact layer, and one substrate; and wherein at
least one line segment via hole is formed by drilling by at
least one laser and passes through at least one portion of at
least one front-contact layer and at least one semiconductive
optoelectronically active layer; and wherein drilling by at
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least one laser causes forming at least one CIGS-type wall
of electrically conductive permanently metalized, copper-
rich CIGS-type alloy at the level of the active layer lining the
inner surface of said at least one line segment via hole, said
CIGS-type alloy resulting from a permanent change in the
chemical composition of the CIGS semiconductive opto-
electronically active layer where the hole is drilled, forming
of an electrically conductive path between at least one
portion of at least one front-contact layer and at least one
portion of at least one back-contact layer, forming of a
front-contact bump-shaped raised portion at the surface of
the front-contact layer along the edge of the inner surface of
said line segment via hole, and forming a raised portion of
the back-contact layer raised towards the front-contact layer
at the base of the inner surface of said line segment via hole.

[0014] In said method, forming of at least one via hole
may cause removal of a portion of back-contact layer within
the via hole, thereby exposing a portion of substrate. Fur-
thermore, forming of at least one via hole may cause
removal of a portion of back-contact layer within the via
hole, thereby exposing a portion of substrate, and wherein
raising of a portion of the back-contact layer causes forming
of at least one gutter-shaped curl-up of at least a portion of
the back-contact layer at the periphery of the exposed
portion of substrate. More precisely, forming of at least one
via hole may comprise forming at least one gutter-shaped
curl-up-only of at least a first portion and forming at least
one gutter-shaped curl-up-and-back of at least a second
portion of the back-contact layer at the periphery of the
exposed portion of substrate. In said method, the substrate
may be polyimide. In greater detail, drilling of at least one
via hole may be with at least one continuous wave laser.
Furthermore, forming of at least one via hole may be with
at least one laser forming, on said thin-film CIGS device, a
laser spot having an asymmetrical laser spot diagram. More
precisely, the laser power measured at the level of the
substrate for drilling of at least one via hole may comprise
a progressive increase in laser power over a portion of the
time where laser power is delivered to the via hole. Further-
more, drilling of at least one via hole by at least one laser
may comprise moving at least one laser spot at the surface
of the thin-film CIGS device wherein at the extremity
corresponding to the beginning of drilling of said via hole
there is a progressive increase in laser power over a power
increase distance portion of the distance where laser power
is delivered to the via hole. Drilling of at least one via hole
may form, upon microscopic inspection when seen from the
light exposed side of the device, an inner-surface of CIGS-
type alloy describing an oval pattern that has a radius of
curvature that is smaller at the extremity corresponding to
the beginning of drilling of said via hole line segment than
at the end extremity. In practice, drilling of at least one via
hole by at least one laser may comprise moving at least one
laser spot of at least one continuous wave laser such that the
laser energy delivered to at least one portion of the via hole
is comprised between 1 J/m and 8 J/m. More specifically,
drilling of at least one via hole by at least one laser may
comprise an interval of time where laser-provided fluence is
in the range from 5x10® J/m® to 41x10® J/m*. More pre-
cisely, drilling of at least one via hole by at least one laser
may comprise an interval of time where laser-provided
steady state fluence is in the range from 7.5x10% J/m?® to
11x10® J/m?. Also, drilling of at least one via hole may be
with at least one picosecond pulse laser. For greater manu-
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facturing throughput, drilling of at least one via hole may be
done at the same time as laser scribing an adjacent ablating
line into the front-contact layer. In a broader way, forming
said thin-film CIGS device may comprise forming at least
one dashed line comprising a plurality of said line segment
via holes in a region of said thin-film CIGS device.

[0015] An embodiment of the disclosure also pertains to a
thin-film CIGS device, that may be obtainable by the
described method, comprising at least one line segment via
hole in a region of said thin-film CIGS device, said device
comprising at least one front-contact layer, one semicon-
ductive optoelectronically active layer, one back-contact
layer, and one substrate; and wherein at least one via hole
passes through at least one portion of at least one front-
contact layer and at least one semiconductive optoelectroni-
cally active layer, comprises at least one CIGS-type wall
formed of electrically conductive permanently metalized
copper-rich CIGS-type alloy at the level of the active layer
lining the inner surface of said at least one via hole, said
CIGS-type alloy resulting from a permanent change in the
chemical composition of the CIGS semi-conductive opto-
electronically active layer caused when the hole was drilled,
comprises an electrically conductive path between at least
one portion of at least one front-contact layer and at least one
portion of at least one back-contact layer, comprises a
front-contact bump-shaped raised portion at the surface of
the front-contact layer along the edge of the inner surface of
said line segment via hole, and comprises a raised portion of
the back-contact layer raised towards the front-contact layer.
[0016] In said device, a portion of substrate may be
exposed within the via hole. Furthermore, a portion of
substrate may be exposed within the via hole and at least a
raised portion of back-contact layer may form at least one
gutter-shaped curl-up at the periphery of the exposed portion
of substrate. Still further, at least one via hole may comprise
at least one gutter-shaped curl-up-only of at least a first
portion and at least one gutter-shaped curl-up-and-back of at
least a second portion of the back-contact layer at the
periphery of the exposed portion of substrate. More specifi-
cally, the substrate may be polyimide. In greater detail, upon
microscopic inspection from the light exposed side of the
device, the shape of the inner surface of the CIGS-type wall
may have a radius of curvature that is smaller at the
extremity of the via hole line segment identifiable as corre-
sponding to where drilling of said via hole began than at the
end extremity. Furthermore, at least one line segment via
hole may comprise at least one raised portion of conductive
CIGS-type alloy that at least covers a portion of the surface
of the front-contact layer. In a broader way, said device may
comprise at least one dashed line in a region of said thin-film
CIGS device, said dashed line comprising a plurality of said
line segment via holes.

[0017] Embodiments of the disclosure may also comprise
a monolithically-integrated optoelectronic module that com-
prises non-shadowing busbars, various sizes and number of
current-collecting grids, encapsulating material, and varia-
tions in the depth and/or shape and/or location and/or
number of vias.

ADVANTAGES

[0018] Embodiments of the disclosure provided herein
may advantageously solve several problems in the field of
manufacturing of thin-film photovoltaic devices, and more
specifically roll-to-roll manufacturing of photovoltaic
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devices or modules of interconnected optoelectronic com-
ponents, such as flexible photovoltaic modules. For thin-film
flexible photovoltaic devices manufactured using one or
more of the embodiments or methods described herein, the
advantages obtainable over conventional devices may
include:

[0019] Enlarged laser scribing process window,
[0020] Greater repeatability of laser scribing process,
[0021] Higher photovoltaic conversion efficiency,
[0022] Greater strength of monolithic interconnects,
[0023] Greater manufacturing yield,
[0024] Greater range of designs,
[0025] Greater photovoltaic module reliability,
[0026] Lower manufacturing costs.

[0027] The listed advantages provided above should not

be considered as necessary for use with one or more of the
embodiments described herein, and are not intended to be
limiting as to the scope of the invention described herein.

[0028] One of the benefits of the embodiments described
herein includes the formation of line segment via holes,
which may be especially useful for monolithic interconnects
in thin-film devices as well as to provide connections to
busbars and even to non-shadowing busbars.

BRIEF DESCRIPTION OF FIGURES

[0029] FIGS. 1A-1B show cross-sectional views of
embodiments of line segment via holes in thin-film CIGS
devices with raised CIGS-type via hole wall surfaces.
[0030] FIG. 2 shows a cross-sectional view of a thin-film
CIGS module comprising a plurality of line segment via
holes.

[0031] FIG. 3 shows a top view, or view of the light
exposed side, of the thin-film CIGS module comprising a
plurality of line segment via holes shown in FIG. 2.
[0032] FIGS. 4A-4B show a top view, or view of the
light-exposed side, of a line segment via hole and a graph of
the corresponding laser power used to laser scribe the line
segment via hole.

[0033] FIG. 5 is a graph of laser power versus time used
to scribe a sequence of line segment via holes.

[0034] FIG. 6A-6F present a variation of FIGS. 2, 1A, 1B,
and 4A, respectively, wherein raised CIGS-type via hole
wall surfaces are more extensive and form over the front-
contact layer.

DETAILED DESCRIPTION OF SPECIFIC
EMBODIMENTS

[0035] FIGS. 1A to 1B depict two exemplary embodi-
ments of the disclosure provided herein, each figure being
representative of a technical variation of how the method of
forming line segment via holes is performed for forming
monolithically-integrated optoelectronic modules. Someone
skilled in the art will appreciate that the scales of the various
components represented in the figures have been adjusted to
improve clarity, and thus are not intended to be limiting as
to the scope of the invention provided herein. Furthermore,
the number and areas of components in the figures are
schematically shown and thus may be further adjusted or
adapted to form an industrial production worthy monolithi-
cally-integrated optoelectronic module. Most features
described for FIGS. 1A and 1B also apply to FIGS. 6B and
6C, the differences are that the embodiments of FIGS. 6B
and 6C comprise at least one raised portion of CIGS-type
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alloy 155' that at least partially covers the surface of
front-contact layer 150 and that the bump of front-contact
raised portion 155 of FIGS. 1A and 1B is numbered 157 in
FIGS. 6B and 6C.

[0036] FIG. 1A shows a cross-section of a portion of
thin-film device 100 where a line segment via hole 165 has
been scribed, preferably using a laser. The thin-film device
comprises at least one electrically insulating substrate 110,
at least one electrically conductive back-contact layer 120,
at least one absorber layer 130, optionally at least one buffer
layer 140, and at least one electrically conductive front-
contact layer 150.

[0037] The electrically insulating substrate 110 may be
rigid or flexible and be of a variety of materials or coated
materials such as glass, coated metal, plastic-coated metal,
plastic, coated plastic, such as metal-coated plastic, or
flexible glass. A preferred flexible substrate material is
polyimide as it is very flexible, sustains temperatures
required to manufacture high efficiency optoelectronic
devices, requires less processing than coated metal sub-
strates, and exhibits thermal expansion coeflicients that are
compatible with those of photovoltaic material layers depos-
ited upon it. Industrially available polyimide substrates are
ordinarily available in thicknesses ranging from 7 um to 150
um, can sustain temperatures of about 400-600° C., and
permit roll-to-roll production.

[0038] At least one electrically conductive back-contact
layer 120 coats substrate 110. Back-contact layer 120 pref-
erably has a high optical reflectance and is commonly made
of molybdenum (Mo) although several other thin-film mate-
rials, such as metal chalcogenides, molybdenum chalco-
genides, molybdenum selenides (such as MoSe,), sodium
(Na)-doped Mo, potassium (K)-doped Mo, Na- and K-doped
Mo, transition metal chalcogenides, tin-doped indium oxide
(ITO), doped or non-doped indium oxides, doped or non-
doped zinc oxides, zirconium nitrides, tin oxides, titanium
nitrides, titanium (Ti), tungsten (W), tantalum (Ta), gold
(Au), silver (Ag), copper (Cu), and niobium (Nb) may also
be used or included advantageously.

[0039] At least one absorber layer 130 coats electrically
conductive layer 120. Absorber layer 130 is typically made
of'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 copper (Cu) or silver (Ag), B represents elements
in group 13 of the periodic table including indium (In),
gallium (Ga), or aluminum (Al), and C represents elements
in group 16 of the periodic table including sulfur (S),
selenium (Se) or tellurium (Te). An example of an ABC
material, as an ABC, material, is the Cu(ln,Ga)Se, semicon-
ductor also known as CIGS.

[0040] Optionally, at least one semiconductive buffer layer
140 coats absorber layer 130. Said buffer layer ordinarily has
an energy bandgap higher than 1.5 eV and is for example
made of CdS, Cd(S,0H), CdZnS, indium sulfides, zinc
sulfides, gallium selenides, indium selenides, compounds of
(indium, gallium)-sulfur, compounds of (indium, gallium)-
selenium, tin oxides, zinc oxides, Zn(Mg,0)S, Zn(0,S) mate-
rial, or variations thereof.

[0041] At least one transparent conductive layer 150 coats
buffer layer 140. Said transparent conductive layer, also
known as the front-contact, ordinarily comprises a transpar-
ent conductive oxide (TCO) layer, for example made of
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doped or non-doped variations of materials such as indium
oxides, tin oxides, or zinc oxides.

[0042] Line segment via hole 165 is a thin-film micro-
structure ordinarily formed after depositing front-contact
layer 150. Line segment via hole 165 is preferably scribed
using at least one laser, preferably at least one continuous
wave laser, so that local heat caused by scribing causes the
CIGS material at the level of the CIGS absorber layer 130
lining the inner-surface of said line segment via hole 165 to
permanently become electrically conductive, thereby form-
ing CIGS-type wall 134. The material of CIGS-type wall
134 results from a local, heat-induced transformation of the
CIGS material of absorber layer 130. The heat-induced
transformation can be described as a partial melt and partial
vaporization of the chemical components of the CIGS
material, thereby resulting in CIGS-type wall 134 being
formed of a copper-rich CIGS-type alloy.

[0043] A person skilled in the art may observe and quan-
tify the thin-film microstructures and the distribution of
materials using scanning electron microscopy, energy-dis-
persive X-ray spectroscopy (EDS), and image-processing
software. Energy-dispersive X-ray spectroscopy (EDS)
characterization of the copper-rich CIGS-type alloy suggests
it comprises at least copper-selenide and copper.

[0044] Said CIGS-type alloy therefore forms a metalized
CIGS-type wall 134 of line segment via hole 165. The
metalized CIGS-type wall 134 extends within line segment
via hole 165 in the direction of thin-film thickness from the
back-contact layer 120 to at least front-contact layer 150.
The metalized CIGS-type wall 134 therefore provides an
electrically conductive path between back-contact layer 120
and front-contact layer 150. The resistivity of CIGS-type
wall 134 is ordinarily in a range between that of copper, that
has a resistivity of about 1.68x10® Q.m, and about 2x10*
Q.m, with satisfactory values within a range of about
1.9x10° Q.m to 2.1x10° Q.m.

[0045] Therefore, by controlling the energy delivered dur-
ing a laser scribing process, a segmented via hole 165 can be
desirably formed. Local heat generated by the scribing
process, preferably using at least one laser, preferably at
least one continuous wave laser, also causes forming of at
least one raised portion 125 of back-contact layer 120
raising towards the front-contact layer 150. The raised
portion 125 may provide improved mechanical and electri-
cal contact with CIGS-type wall 134.

[0046] Furthermore, local heat generated by the scribing
process may optionally cause forming of a front-contact
raised portion 155 at the surface of front-contact layer 150.
The front-contact raised portion ordinarily resembles a
bump along most of the via hole’s periphery. The bump’s
shape ordinarily blends with the inner surface 135 of the via
hole’s CIGS-type wall 134 and, towards the outer side, may
either blend progressively or form an obtuse angle joint 159
with the front-contact layer. The cross-section of the outer
side of the bump may for example be modeled by an
optionally truncated bump function: y=exp(-l/(1-x*)) for
Ixl<1 (or Ixl<<1 if truncated), y=0 otherwise. Said front-
contact raised portion 155 may comprise indium diffused
from the underlying absorber layer 130. Said indium may be
present as a result of both heat radiating and diffusing from
the location where laser energy is applied and from heat
radiating from a hot plate effect caused by the presence of
the underlying back-contact layer 120 during the laser
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scribing process, therefore causing indium to diffuse from
the absorber layer 130 into the front-contact layer 150.
[0047] FIG. 1B shows a cross-section of a variation of
FIG. 1A, where a portion of substrate 110 is exposed within
the via hole 165' and at least one raised portion of back-
contact layer 120 forms a gutter-shaped curl-up 127, 127" at
the periphery 117 of the exposed portion of the substrate.
Exposing substrate 110 and forming gutter-shaped curl-up
127, 127" of the back-contact layer 120 may confer larger
laser scribing manufacturing window, greater production
yield, and mechanical resistance than the embodiment pre-
sented in FIG. 1A. FIG. 1B presents two variations of
CIGS-type walls 134, 134' and corresponding raised por-
tions of the gutter-shaped curl-ups 127, 127' of back-contact
layer 120. Variation in CIGS-type wall 134 and back-contact
raised portion of the gutter-shaped curl-ups 127 is charac-
terized in that its raised portion curls up and curls back-
wards, thereby forming a curl-up-and-back 127 type of
curl-up, thereby surrounding and possibly blending locally
with material of inner-surface 134 to form a non-homoge-
neous compound comprising copper, copper selenide, and
molybdenum. Variation in inner-surface 134' and back-
contact raised portion of the gutter-shaped curl-up 127" is
characterized in that raised portion curls up but does not curl
backwards, thereby forming a curl-up-only 127' type of
curl-up, and comprises less blending of materials than in the
curl-up-and-back 127.

[0048] The two CIGS-type wall variations 134, 134" and
raised portions of the gutter-shaped curl-up 127, 127' may be
present in separate via holes or in the same via hole. For
example, at least one portion of one long side of a via hole
165' may be representative of variations 134, 127 while at
least one portion of the other long side may be representative
of variations 134', 127'. Compared to FIG. 1A, forming of
the raised portion of the gutter-shaped curl-up 127, 127" of
the back-contact layer 120 may in some embodiments result
in a comparatively higher raising of inner-surface 134, 134'
and also optionally higher raising of front-contact raised
portion 155.

[0049] Gutter-shaped curl-ups 127, 127" may be advanta-
geous for increased via hole conductivity and strength
against thin-film layer delamination. In effect, gutter-shaped
curl-ups 127, 127' form welds, ordinarily comprising a
non-homogeneous distribution of molybdenum, copper, and
possibly copper-selenide, which locally reinforce the bind-
ing of thin-film layers to each other, especially the binding
of the nearby non-molten CIGS semiconductive optoelec-
tronically active layer to the back-contact molybdenum
layer. Via holes or monolithically interconnecting grooves
manufactured according to prior art, especially those manu-
factured using pulsed lasers instead of continuous wave
lasers, may exhibit less mechanical strength, ordinarily
recognizable by delaminations, flaking, and cracks in the
thin-film layers of the photovoltaic devices.

[0050] Forming of variations 134, 127 and 134', 127" may
be advantageous to design local adaptations of the conduc-
tivity of a via hole segment or, if the via hole segment is long
enough, local adaptations of the conductivity along the
length of a via hole segment by varying the height 1273 and
width 1275 of the curl-up, the width of copper-rich CIGS-
type alloy 1345, and the amount of indium diffused into the
bump-shaped raised portion 155 of the front-contact 150.
For example, it may be advantageous in one embodiment to
have one side of a via hole segment, such as the side that is
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closest to most of a cell’s light exposed front-contact area,
to be more conductive than the other side, such as the side
that is closest to the front-contact layer grooves 151 (shown
in FIG. 2 and FIG. 3). It may also be advantageous to tailor
the conductivity of the sides of a via segment so as to present
a compatibility with variations in local conductivity at a
cell’s surface, such as variations afforded by the presence,
proximity, or adjoining of front-contact conductive grid
components. An embodiment may for example comprise via
hole segments of various lengths, possibly via hole segments
describing curves, where any one of the sides of any one of
the via segments comprises a combination of variations 134,
127 and 134, 127"

[0051] A method to manufacture at least one via hole line
segment that comprises at least one of said variations may
comprise using a laser spot where, when considering the
laser’s spot diagram at the surface of the device to be laser
scribed, the region of highest laser light intensity of the laser
spot is not located symmetrically with respect to the center
of the laser’s spot diagram. Asymmetry of the laser’s spot
diagram may for example be obtained by adjustments of a
laser beam shaper or a laser beam expander positioned
within the laser beam’s optical path. By selecting or con-
trolling the position of the region of highest laser intensity
within the laser spot, a person skilled in the art may select
or control the formation of curl-up variations 127 and 127'.
A person skilled in the art may also desirably vary the
position of the region of highest laser intensity within the
laser spot so as to vary the forming of line segment via holes,
such as for forming a plurality of gutter-shaped curl-ups of
varied characteristics within at least one line segment via
hole.

[0052] FIG. 2 shows a cross-section of a thin-film CIGS
photovoltaic module 200 comprising a plurality of line
segment via holes 163, 165, 165', 167. Line segment via
holes 165 enable series, monolithic interconnects between
adjacent cells of the photovoltaic module. Line segment via
holes 163, 167 enable electrical interconnection of front-
contact or back-contact layer components to an underlying
busbar 182, 188. At least one line segment via hole 163, 165,
165', 167, comprises a copper-rich CIGS-type wall 132, 134,
136, 138 resulting from heat-induced transformation of the
CIGS material of the absorber layer, as described for at least
one of FIGS. 1A-1B, and at least one raised portion 125,
127, of back-contact layer. Any one of said via holes 163,
165, 165', 167 may optionally comprise at least one front-
contact raised portion 155 formed over a front-contact layer
component 156 as also shown in FIGS. 1A-1B. Any one via
hole 163, 165, 165', 167 may optionally comprise at least
one back-contact layer component 128 formed with a gutter-
shaped curl-up 127, 127" as also shown in FIG. 1B.

[0053] Similarly to the description of FIG. 1 A, photovol-
taic module 200 comprises at least one electrically insulating
substrate 110, at least one electrically conductive back-
contact layer, here represented by back-contact layer com-
ponents 124, 126, 128, 129, at least one absorber layer 130,
optionally at least one buffer layer, here represented by
buffer layer components 142, 144, 146, 148, and at least one
electrically conductive front-contact layer, here represented
by front-contact layer components 152, 154, 156, 158.
Back-contact layer grooves 121 that form the electrically
separate back-contact layer components are ordinarily laser
scribed prior to deposition of the absorber layer. Front-
contact layer grooves 151 that at least form the electrically
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separate front-contact layer components are ordinarily laser
scribed, preferably with a pulsed laser, more preferably with
a picosecond pulsed laser, and said grooves may extend in
depth to the surface of said back-contact layer components.
[0054] Line segment via holes 165 establish a monolithic
interconnect between at least one first front-contact layer
component 154, 156, and at least one second back-contact
layer component 126, 128. Said via holes may be scribed
before, after, or at the same time as scribing of the front-
contact layer grooves 151. Furthermore, the same laser
source may be used to scribe via holes 165 and front-contact
layer grooves 151.

[0055] Line segment via holes 163, 167 enable electrical
contact to at least one busbar 182, 188. Via holes 163, 167
may be scribed deeper than via holes 165, 165', so as to
ablate a portion of substrate 110. A conductive paste 172,
178, may be used to establish an electrical path between
thin-film layers of via holes 163, 167, and busbars 182, 188,
respectively. Said conductive paste may also be used as a
filler in at least one via hole 163, 165, 165', 167 to augment
the conductivity of the connection provided by the inner-
surface 132, 134, 136, 138 within said via hole 163, 165,
165', 167.

[0056] FIG. 3 shows a schematic top or plan view, or view
of the light exposed side, of the thin-film CIGS module 200
comprising a plurality of line segment via holes 163, 165,
165", 167, with alternate orientations, the cross-section of
which is shown in FIG. 2. Lines 210 of line segment via
holes 163, 165' have been scribed in direction 101 and line
segment via holes 165, 167 have been scribed in the reverse
direction 102. The direction of scribing is recognizable in
that the extremity corresponding to the beginning of drilling
105 of a line segment via hole has a radius of curvature that
is smaller than at the end extremity 106. The length and
shape of the extremity corresponding to the beginning of
drilling 105 is the result of laser motion and progressive
laser power increase. Progressive laser power increase is
preferred to produce the conductive CIGS-type alloy while
minimizing the risk for unwanted cracks and delaminations
that are frequently produced when using pulsed lasers. For
some laser scribing parameters and thin-film CIGS devices,
the direction of scribing may also be recognized in that the
extremity corresponding to the beginning of drilling 105 has
a more elongated inner surface 135 of CIGS-type wall 132,
134, 136, 138 than at the extremity corresponding to the end
of drilling 106. Line segment via holes 163, 165, 165', 167
may also be characterized in that a portion of the via hole
length at the extremity corresponding to the beginning of
drilling 105 is narrower than the average width of the via
hole, excluding the portion at end extremity 106. Line
segment via hole 165' is also illustrated with a top view of
the gutter-shaped curl-up 127 or 127" of back-contact layer
component 128 and the visible portion of substrate 110.
Front-contact layer grooves 151 reveal portions of absorber
layer 130. Front-contact layer grooves 151 that separate
front-contact components can be manufactured at the same
production step as that used for manufacturing line segment
via holes, thereby advantageously reducing production com-
plexity, time, costs, and number of tools.

[0057] Although line segment via holes may be scribed in
any direction, it may be advantageous for increased manu-
facturing speed to scribe a first line of line segment via holes
in a first direction 101 and then a second line of line segment
via holes, such as an adjacent line, in a second and opposite
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direction 102. Furthermore, line segment via holes may be
of different variations, as presented in the description for
FIGS. 1A-1B, FIG. 2, and FIG. 3, different dimensions, such
as length and/or width, and have different separations
whether between line segment via holes on a given line or
between lines of line segment via holes.

[0058] FIG. 4A shows a top view, or view of the light
exposed side, of an embodiment of a line segment via hole
165' and FIG. 4B is a graph of the corresponding laser power
400 used to laser scribe the line segment via hole. Line
segment via hole 165" is laser scribed into thin-film device
100 in direction 101. In FIG. 4A the laser power used forms
a via hole comprising a raised, gutter-shaped curl-up 127 of
the back-contact layer 120 at the periphery 117 of the
exposed portion of substrate. Curl-up 127 may comprise
portions of curl-up variations curl-up-and-back 127 or curl-
up-only 127" shown in FIG. 1B. The underlying substrate
110 is also visible as a result of the partial ablation of the
back-contact layer 120. FIG. 4A also illustrates a CIGS-type
wall 134 capped by at least one front-contact raised portion
155 covering a portion of front-contact layer 150. Also
visible in FIG. 4A is, within a laser power increase distance
portion 405, an inner surface 135 of CIGS-type wall 134 that
is more elongated than the rest of the via hole’s periphery.
It is within said laser power increase distance portion 405
that follows the extremity corresponding to the beginning of
drilling 105 that the portion of via hole is ordinarily nar-
rower than the average width of the via hole, excluding end
length 406 leading to end extremity 106.

[0059] The graph in FIG. 4B shows how the plot 400 of
laser power versus distance ordinarily comprises a laser
power increase portion 415. Said laser power increase
portion starts from a power level that is within no power and
a power level that does not form any scribing trace and ends
with laser power at a level that enables forming any via hole
segment similar to those presented in the description for
FIGS. 1A, 1B, 6B and 6C. The increase in laser power is
ordinarily controlled via the laser’s controller but may also
be obtained by means of mechanical or optoelectronic
shutters. The increase in laser power as a function of
distance is ordinarily progressive and ordinarily shaped as a
ramp or a step response of a damped first or second order
system model. The laser spot ordinarily moves during said
laser power increase distance portion by a distance 405.
However, laser power may optionally be set to increase
without motion of the laser spot. The laser power increase
distance portion is ordinarily followed by a portion of
constant power where the laser spot may move over any
length and scribe or trace any pattern into the thin-film
photovoltaic device 100, 200. Said pattern ordinarily com-
prises at least one line segment but may also comprise turns,
a connected sequence of segments, or describe curves.
Scribing of the via hole ends with a laser power decrease
step 416 forming the end extremity 106 of the line segment
via hole. Laser power is then reduced, ordinarily abruptly, to
a level, ordinarily below ablation threshold power, that does
not form any scribing of via hole, preferably any scribing
trace.

[0060] To summarize, the laser power increase portion
415 forms the beginning of drilling extremity 105 whereas
the laser power decrease step 416 forms the end extremity
106. The rate at which energy is supplied during laser power
increase portion 415 is an important parameter to success-
fully form a via hole with highly conductive CIGS-type wall
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134, 134' and gutter-shaped curl-up 127, 127'. Examples of
some desirable laser scribing process parameters are dis-
cussed in more detail below. Too high a rate may result in
layer delaminations, excessive layer ablation, and irregular
via holes which may reduce photovoltaic efficiency of the
overall device, contribute to flaking of thin-film layers,
cause failure points, and shorten the device’s lifetime. An
abrupt laser power decrease step 416 will ordinarily enable
forming of a successfully conductive end extremity 106. The
abruptness of the laser power decrease is not a requirement
but may be advantageous when the laser’s output is con-
trolled by an electronic controller or switch which may
enforce a minimum duration, such as a simmer duration,
between laser power outputs at a level that enables scribing.

[0061] FIG. 5 is a graph of laser power versus time where
two line segment via holes are scribed in different parts of,
for example, a thin-film CIGS module 200. The graph’s
scale is different from that in FIG. 4B. The graph illustrates
a line segment via hole scribing sequence to scribe at least
one line segment via hole. As illustrated by laser power plot
500, the sequence to scribe at least one line segment via hole
comprises at least one laser power increase time portion 515,
where laser power increases progressively to initiate scrib-
ing of a first line segment via hole. The increase in laser
power as a function of time is preferably progressive and
ordinarily shaped as a ramp or a step response of a damped
first or second order system model. The laser power increase
time portion 515 may be used to form a beginning portion
that is similar in shape to that within the laser power increase
distance portion 405 that is illustrated in FIGS. 3 and 4A.
Laser power then optionally reaches a steady state. The
sequence then ordinarily comprises a laser power reduction
portion 516, ordinarily with an abrupt laser power decrease
step, ordinarily to a laser power level that is below ablation
threshold power. This is then followed by a reduced power
level portion 517, which is ordinarily maintained at a level
that does not form a via hole, or preferably any scribing
trace. The line segment via hole scribing sequence is then
repeated for as many line segments as necessary. Due to the
large processing window, the laser power level, laser scrib-
ing duration, laser power increase and decrease portion
duration and profiles need not be the same from one line
segment via hole to another, as illustrated in FIG. 5.

[0062] Although this is not needed to manufacture line
segment via holes for thin-film photovoltaic devices, a
person skilled in the art who may want to tune the manu-
facturing process will henceforth be able to manufacture
large numbers of line segment via holes at high speed and
proceed to measure the specific resistance of each via hole.
The person skilled in the art may also prepare and cut out
portions of via holes bearing specific characteristics such as
curl-up variations curl-up-and-back 127 or curl-up-only
127", height 1273 and width 1275 of the curl-up, and in-layer
extent 1345 of copper-rich CIGS-type alloy so as to measure
the specific resistance of the via hole portion and subse-
quently select the most appropriate laser spot shape and
position of the region of highest laser intensity within the
laser spot. A satisfactory process yields an average value for
resistivity of the CIGS-type wall at 3.2x0-3 Q.m, more
preferably at 2xO-3 Q.m, with standard deviation of 0.06.
[0063] As an example, the laser power increase time
portion 515 using a continuous wave laser delivering a 6 W
and 50 pumi diameter laser spot to the device’s surface lasts
preferably between 10 us and 4 us for a laser scanning speed



US 2016/0359065 Al

between 3 m/s and 5 m/s, and preferably between 50 ps and
7 us for a laser scanning speed between 0.5 m/s and 3 m/s.
The corresponding laser power increase rate measured at the
device’s surface is therefore in the range between about
1x108 W'™.5-2 and 17x108 W™ ¢ 2, For a preferred laser
scanning speed of about 3.7 m/s the preferred laser power
increase time portion 515 lasts about 7 pus with an increase
in laser power shaped as a step response of a damped first or
second order system model. A preferred laser power
decrease step 416 is an abrupt decrease of laser power to a
level below ablation threshold power.

[0064] The laser power increase distance portion 405, 415
is ordinarily at least 5 um in length. The portion of steady
state or laser constant power may be set for a measured
power of, for example, about 7 W, at the surface of the
device to be scribed and a laser scanning speed of, for
example, about 3.7 m/s. In this case the laser power is
measured at the surface of the device to be laser scribed
using a laser power meter with thermopile sensor capable of
measurements from 10 pW up to 30 kW. A person skilled in
the art may choose a greater laser power, possibly in
combination with a greater speed of the laser scribing spot.
The steady state laser power is ordinarily set for a measured
power in the range from 0.2 W to 20 W, preferably from 2
W to 10 W, more preferably from 5 W to 8 W. The laser’s
wavelength is ordinarily in the range from 532 nm to 1064
nm. The laser scribing spot diameter is ordinarily in the
range from 5 um and 1000 um, preferably between 5 pm and
300 um, more preferably between 30 um and 50 pm.

[0065] A line segment via hole scribing sequence may
preferably form line segment via holes that are, for example,
about 200 um in length with an about 50 pm separation
between the end extremity of a first via hole and the
beginning extremity of a second via hole. Ordinarily, via
hole length 410 may be in the range of 50 um to 0.1 m,
preferably in the range of 50 pm to 1000 um, more prefer-
ably in the range of 180 um to 220 pum, and separation in the
range of 10 um to 1000 pum, preferably in the range of 10 pm
to 100 pm, more preferably in the range of 40 pm to 60 pm.
A person skilled in the art may prefer to specify a scribe-
to-no-scribe length ratio which may be in the range of 1:1 to
100:1, preferably 4:1. Line segment width 411, comprising
the inner surface 135 of CIGS-type wall 134 and front-
contact raised portion 155 covering a portion of front-
contact layer 150, is ordinarily in the range of 10 pm to 100
um, preferably in the range of 25 um to 75 um, more
preferably in the range of 45 pm to 55 pum, for example at
about 50 um. Referring to FIG. 1B, the bump of the
front-contact raised portion 155 at the surface of front-
contact layer 150 has a cross-section width 1555 measured
from front-contact edge near the inner surface of the CIGS-
type wall to the outer blend or obtuse joint where it meets
with the front-contact layer is ordinarily in the range of 3 um
to 25 um, preferably in the range of 10 um to 15 um, for
example at about 12 um. The thickness 1553 of the front-
contact raised portion above the front-contact layer’s flat
surface is in the range from 0.5 pm to 6 um, preferably in the
range of 1 um to 3 um, more preferably in the range 1.5 pm
to 2.5 um, for example at about 2 um. The height 1273 of the
back-contact layer gutter-shaped curl-up 127, 127', mea-
sured from the surface of substrate 110, is ordinarily in the
range of 0.5 um to 10 um, preferably in the range of 0.5 pm
to 5 um, more preferably in the range of 2 um to 4 um, for
example at about 3 pm.
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[0066] Laser scanning speed is ordinarily in the range of
0.1 mV/s to 200 m/s, preferably in the range o 0.5 m/s to 100
m/s, more preferably in the range from 0.5 m/s to 6 m/s. The
energy delivered by drilling at steady state laser power
ordinarily ranges from 1 J/m to 8 J/m, preferably from 1.5
J/m to 2.2 J/m. The steady state laser fluence is ordinarily in
the range from 5x10° J/m? to 4x10® J/m?, preferably from
7.5x10® J/m* to 11x10® J/m?. Although line segment via
holes are preferably scribed using a continuous wave laser,
a person skilled in the art may use a pulsed laser such as a
picosecond laser.

[0067] The composition of laser-scribed microstructures
may be analyzed using an X-ray diffraction (XRD) analysis
system. The presence of back-contact layer gutter-shaped
curl-ups is characterized by at least one peak in counts in the
range between 58.5 26° and 59.5 26°, preferably at 58.7 26°,
more preferably at 58.66 26° corresponding to the presence
of Mo with a (220) Miller index orientation. Said peak in
counts is greater by at least 5% than the number of counts
for thin-film CIGS devices that do not comprise vias or
scribings manufactured according to embodiments of the
present invention. Mo thin-film that is not curled-up ordi-
narily has a (111) Miller index orientation. The gutter-
shaped curl-up may blend or form an alloy with molten
CIGS, thereby comprising copper and especially copper-
selenide with non-uniform concentrations within the curl-
up.

[0068] FIG. 6A is a variation of FIG. 2 and shows a
cross-section of a thin-film CIGS photovoltaic module 200
comprising a plurality of line segment via holes 163, 165,
165', 167. Line segment via holes 165 enable series, mono-
lithic interconnects between adjacent cells of the photovol-
taic module. Line segment via holes 163, 167 enable elec-
trical interconnection of front-contact or back-contact layer
components to an underlying busbar 182, 188. At least one
line segment via hole 163, 165, 165', 167, comprises a
copper-rich CIGS-type wall 132, 134, 136, 138 resulting
from heat-induced transformation of the CIGS material of
the absorber layer, as described for at least one of FIGS.
6B-6C, and at least one raised portion 125, 127, of back-
contact layer. Any one of said via holes 163, 165, 165', 167
may optionally comprise at least one raised portion of
CIGS-type alloy 155' formed over a front-contact layer
component 156 as also shown in FIGS. 6B-6C. Any one via
hole 163, 165, 165', 167 may optionally comprise at least
one back-contact layer component 128 formed with a gutter-
shaped curl-up 127, 127", as also shown in FIG. 1B or 6C.
In other respects, FIG. 6A corresponds to the description
given for FIG. 2. The difference between FIG. 6A and FIG.
2 is that FIG. 6A comprises a raised portion of CIGS-type
alloy 155' formed over a front-contact layer component 156.

[0069] FIGS. 6B and 6C depict two exemplary embodi-
ments of devices comprising at least one raised portion of
CIGS-type alloy 155' that at least partially covers the surface
of front-contact layer 150. The raised portion of CIGS-type
alloy ordinarily causes a bump of front-contact raised por-
tion 157 along most of the via hole’s periphery. Said bump
of front-contact raised portion 157 may blend with the raised
portion of CIGS-type alloy 155' and, towards the outer side,
may either blend progressively or form an obtuse angle joint
159 with the front-contact layer. The front-contact raised
portion 157 of FIGS. 6B and 6C corresponds to the front-
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contact raised portion 155 of FIGS. 1A and 1B. In other
respects, FIG. 6B corresponds to the description given for
FIG. 1A.

[0070] FIG. 6C shows a cross-section of a variation of
FIG. 6B, where a portion of substrate 110 is exposed within
the via hole 165' and at least one raised portion of back-
contact layer 120 forms a gutter-shaped curl-up 127, 127" at
the periphery 117 of the exposed portion of the substrate.
Exposing substrate 110 and forming gutter-shaped curl-up
127, 127" of the back-contact layer 120 may confer larger
laser scribing manufacturing window, greater production
yield, and mechanical resistance than the embodiment pre-
sented in FIG. 6B. FIG. 6C presents two variations of
CIGS-type walls 134, 134' and corresponding raised por-
tions of the gutter-shaped curl-ups 127, 127' of back-contact
layer 120. Said variations are similar to those described for
FIG. 1B, the difference being that forming of the raised
portion of the gutter-shaped curl-up 127, 127' of the back-
contact layer 120 may in some embodiments result in a
comparatively higher raising of inner-surface 134, 134' as
raised portions of CIGS-type alloy 155" and also raising of
front-contact raised portion 157. In other respects, FIG. 6C
corresponds to the description given for FIG. 1A.

[0071] Forming of variations 134, 127 and 134', 127" may
be advantageous to design local adaptations of the conduc-
tivity of a via hole segment or, if the via hole segment is long
enough, local adaptations of the conductivity along the
length of a via hole segment by varying the height 1273 and
width 1275 of the curl-up, the width of copper-rich CIGS-
type alloy 1345, the width of the lip of conductive CIGS-
type alloy 1355, and the amount of indium diffused into the
bump-shaped raised portion 155 of the front-contact 150.
For example, it may be advantageous in one embodiment to
have one side of a via hole segment, such as the side that is
closest to most of a cell’s light exposed front-contact area,
to be more conductive than the other side, such as the side
that is closest to the front-contact layer grooves 151 (shown
in FIGS. 2, 3 and 6A). It may also be advantageous to tailor
the conductivity of the sides of a via segment so as to present
a compatibility with variations in local conductivity at a
cell’s surface, such as variations afforded by the presence,
proximity, or adjoining of front-contact conductive grid
components. An embodiment may for example comprise via
hole segments of various lengths, possibly via hole segments
describing curves, where any one of the sides of any one of
the via segments comprises a combination of variations 134,
127 and 134, 127"

[0072] FIG. 6D shows a top view, or view of the light
exposed side, of an embodiment of a line segment via hole
165' of FIG. 6C and FIG. 4B is a graph of the corresponding
laser power 400 used to laser scribe the line segment via
hole. Line segment via hole 165' is laser scribed into
thin-film device 100 in direction 101. In FIG. 6D the laser
power used forms a via hole comprising a raised, gutter-
shaped curl-up 127 of the back-contact layer 120 at the
periphery 117 of the exposed portion of substrate. Curl-up
127 may comprise portions of curl-up variations curl-up-
and-back 127 or curl-up-only 127" shown in FIG. 6C. The
underlying substrate 110 is also visible as a result of the
partial ablation of the back-contact layer 120. FIG. 6D also
illustrates a CIGS-type wall 155' covering a portion of
front-contact layer 150. Also visible in FIG. 6D is, within a
laser power increase distance portion 405, an inner surface
135 of CIGS-type wall 134 that is more elongated than the
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rest of the via hole’s periphery. It is within said laser power
increase distance portion 405 that follows the extremity
corresponding to the beginning of drilling 105 that the
portion of via hole is ordinarily narrower than the average
width of the via hole, excluding end length 406 leading to
end extremity 106. The contour of the obtuse angle joint 159
marks the outer limit of the line segment via hole. In other
respects, FIG. 6D corresponds to the description given for
FIGS. 1A and 4A.

[0073] FIG. 6F presents an image of a thin-film device 200
comprising a line segment via hole 165, 165" acquired with
a microscope with a camera. A portion of a second line
segment via hole is also visible at the left of the image. Both
line segment via holes are therefore part of a line of line
segment via holes 210 as presented in FIG. 3. Highlighted in
FIG. 6E are the locations of the extremity of beginning of
drilling 105, the extremity of end of drilling 106, at least one
location of a raised portion of CIGS-type alloy 155', and at
least one location of a gutter-shaped curl-up 127, 127" of the
back-contact layer component 128. The direction of scribing
is therefore left to right. A person skilled in the art will notice
that features of the line segment via hole 165' at the left of
the scribing direction 101, highlighted in ellipse 8001, are
finer those at the right of said scribing direction, highlighted
in ellipse 8002. Line segment via hole 165' therefore pres-
ents an asymmetry with respect to the scribing direction 101.
The contour of the obtuse angle joint 159 marks the outer
limit of the line segment via hole.

[0074] A person skilled in the art may want to measure
characteristics of a line segment via hole 165, 165'. For
example, at least one of measures of the width of the lip
1355 of the raised portion of conductive CIGS-type alloy
155" and measures of the width of a curl-up 1275 of the
back-contact layer 120, 124, 126, 128, 129 may provide
indication that said line segment via hole is correctly
formed. Said measures may for example provide a visual
assessment that a satisfactory monolithic interconnect from
a back-contact layer to a front-contact layer is achieved via
conductive alloy resulting from a permanent change in the
chemical composition of the semiconductive optoelectroni-
cally active layer where the line segment via hole is drilled.
The width of the lip of conductive CIGS-type alloy 1355 is
in the range from about 3 pum to about 15 pm, preferably
from about 5 pm to about 20 pm, more preferably from about
8 um to about 12 pm. The width of a curl-up 1275 of the
back-contact layer is in the range from about 2 pm to about
15 um, preferably from about 4 pm to about 10 um, more
preferably from about 6 pm to about 8 pum.

[0075] Another measure of interest to assess how well
formed a line segment via hole 165, 165' is relates to, for
example, the distance separating opposing features with
respect to a line segment via hole’s centerline according to
the direction of scribing. Opposing features may for
example be gutter-shaped curl-ups 127, 127', the inner
surface 135 of CIGS-type walls, the obtuse angle joint 159
at the front-contact layer, or the width of the exposed portion
of substrate 110 of the line segment via hole being consid-
ered. For example, the person skilled in the art may form an
assessment of scribe quality by measuring said radius of
curvatures at the beginning of drilling extremity 105 and at
the end extremity 106, based on the visible contour formed
by said features. For example, the radius of curvature based
on the contour of the obtuse angle joint 159 is, at the
extremity of beginning of drilling 105 in the range from
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about 7 um to about 40 pm, preferably from about 12 um to
about 25 um, more preferably from about 15 um to about 20
pm. At the extremity of end of drilling 106, the radius of
curvature based on the contour of the obtuse angle joint 159
is in the range from about 10 um to about 50 um, preferably
from about 20 um to about 35 pum, more preferably from
about 23 um to about 30 pm.

1. A method of forming at least one thin-film CIGS device
(100, 200), comprising:

forming at least one line segment via hole (163, 165, 165',

167) in a region of said thin-film CIGS device, said
device comprising at least:
one front-contact layer (150, 152, 154, 156, 158);
one semiconductive optoelectronically active layer (130);
one back-contact layer (120, 124, 126, 128, 129);
one substrate (110);
and wherein at least one line segment via hole:
is formed by drilling by at least one laser;
passes through at least one portion of at least one front-
contact layer and at least one semiconductive optoelec-
tronically active layer;
and wherein drilling by at least one laser causes:

forming at least one CIGS-type wall (134, 134', 132, 136,
138) of electrically conductive permanently metalized,
copper-rich CIGS-type alloy at the level of the active
layer lining the inner surface (135) of said at least one
line segment via hole, said CIGS-type alloy resulting
from a permanent change in the chemical composition
of the CIGS semiconductive optoelectronically active
layer where the hole is drilled;
forming of an electrically conductive path between at
least one portion of at least one front-contact layer and
at least one portion of at least one back-contact layer;

forming of a front-contact bump-shaped raised portion
(155) at the surface of the front-contact layer along the
edge of the inner surface (135) of said line segment via
hole;

forming a raised portion (125, 127, 127") of the back-

contact layer raised towards the front-contact layer.

2. The method according to claim 1 wherein forming of at
least one via hole causes removal of a portion of back-
contact layer within the via hole, thereby exposing a portion
of substrate.

3. The method according to claim 1 wherein forming of at
least one via hole causes removal of a portion of back-
contact layer within the via hole, thereby exposing a portion
of substrate, and wherein raising of a portion of the back-
contact layer causes forming of at least one gutter-shaped
curl-up (127, 127") of at least a portion of the back-contact
layer at the periphery (117) of the exposed portion of
substrate.

4. The method according to claim 3 wherein forming of at
least one via hole comprises forming at least one gutter-
shaped curl-up-only (127') of at least a first portion and
forming at least one gutter-shaped curl-up-and-back (127) of
at least a second portion of the back-contact layer at the
periphery (117) of the exposed portion of substrate.

5. The method according to claim 1 wherein drilling of at
least one via hole is with at least one continuous wave laser.

6. The method according to claim 1 wherein forming of at
least one via hole is with at least one laser forming, on said
thin-film CIGS device, a laser spot having an asymmetrical
laser spot diagram.
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7. The method according to claim 1 wherein the laser
power measured at the level of the substrate for drilling of
at least one via hole comprises a progressive increase in laser
power (515) over a portion of the time where laser power is
delivered to the via hole.

8. The method according to claim 1 wherein drilling of at
least one via hole by at least one laser comprises moving at
least one laser spot at the surface of the thin-film CIGS
device wherein at the extremity corresponding to beginning
of drilling (105) of said via hole there is a progressive
increase in laser power (415) over a power increase distance
portion (405) of the distance (410) where laser power is
delivered to the via hole.

9. The method according to claim 1 wherein drilling of at
least one via hole forms, upon microscopic inspection when
seen from the light exposed side of the device, an inner-
surface (135) of CIGS-type alloy describing an oval pattern
that has a radius of curvature that is smaller at the extremity
corresponding to the beginning of drilling (105) of said via
hole line segment than at the end extremity (106).

10. The method according to claim 1 wherein drilling of
at least one via hole by at least one laser comprises moving
at least one laser spot of at least one continuous wave laser
such that the laser energy delivered to at least one portion of
the via hole is comprised between 1 J/m and 8 J/m.

11. The method according to claim 1 wherein drilling of
at least one via hole by at least one laser comprises an
interval of time where laser-provided fluence is in the range
from 5x10° J/m? to 41x10® J/m>.

12. The method according to claim 11 wherein drilling of
at least one via hole by at least one laser comprises an
interval of time where laser-provided steady state fluence is
in the range from 7.5x10® J/m? to 11x10® J/m?>.

13. The method according to claim 1 wherein drilling of
at least one via hole is with at least one picosecond pulse
laser.

14. The method according to claim 1 wherein drilling of
at least one via hole is done at the same time as laser scribing
an adjacent ablating line into the front-contact layer.

15. The method according to claim 1 wherein forming
said thin-film CIGS device (100, 200) comprises forming at
least one dashed line (210) comprising a plurality of said line
segment via holes (163, 165, 165', 167) in a region of said
thin-film CIGS device.

16. A thin-film CIGS device comprising at least one line
segment via hole obtainable by the method set forth in claim
1.

17. A thin-film CIGS device (100, 200) comprising at
least one line segment via hole (163, 165, 165', 167) in a
region of said thin-film CIGS device, said device comprising
at least:

one front-contact layer (150, 152, 154, 156, 158);

one semiconductive optoelectronically active layer (130);

one back-contact layer (120, 124, 126, 128, 129);

one substrate (110);
and wherein at least one line segment via hole:

passes through at least one portion of at least one front-

contact layer and at least active optoelectronically
active layer;

comprises at least one CIGS-type wall (134, 134', 132,

136, 138) formed of electrically conductive perma-
nently metalized copper-rich CIGS-type alloy at the
level of the active layer lining the inner surface (135)
of said at least one line segment via hole, said CIGS-
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type alloy resulting from a permanent change in the
chemical composition of the CIGS semiconductive
optoelectronically active layer caused when the hole
was drilled;
comprises an electrically conductive path between at least
one portion of at least one front-contact layer and at
least one portion of at least one back-contact layer;

comprises a front-contact bump-shaped raised portion
(155) at the surface of the front-contact layer along the
edge of the inner surface (135) of said line segment via
hole;

comprises a raised portion (125, 127, 127') of the back-

contact layer raised towards the front-contact layer.

18. A device according to claim 17 wherein a portion of
substrate is exposed within the via hole.

19. A device according to claim 1 wherein a portion of
substrate is exposed within the via hole and at least a raised
portion of back-contact layer forms at least one gutter-
shaped curl-up (127, 127') at the periphery (117) of the
exposed portion of substrate.

20. A device according to claim 19 wherein at least one
line segment via hole comprises at least one gutter-shaped
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curl-up-only (127") of at least a first portion and at least one
gutter-shaped curl-up-and-back (127) of at least a second
portion of the back-contact layer at the periphery (117) of the
exposed portion of substrate.

21. A device according to claim 17 wherein, upon micro-
scopic inspection from the light exposed side of the device,
the shape of the inner surface (135) of the CIGS-type wall
(134, 134', 132, 136, 138) has a radius of curvature that is
smaller at the extremity (105) of the via hole line segment
identifiable as corresponding to where drilling of said via
hole began than at the end extremity (106).

22. A device according to claim 17 wherein at least one
line segment via hole comprises at least one raised portion
of conductive CIGS-type alloy (155") that at least covers a
portion of the surface of the front-contact layer (150).

23. A device according to claim 17 comprising at least one
dashed line (210) in a region of said thin-film CIGS device
(100, 200), said dashed line comprising a plurality of said
line segment via holes (163, 165, 165', 167).
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