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(57) Abstract: In general, the present invention relates to electro-conductive pastes comprising metals compounds and solar cells
obtainable therefrom, preferably photovoltaic solar cells. More specifically, the present invention relates to solar cell precursors, pro -
cesses for preparation of solar cells, solar cells and solar modules. The present invention relates to a precursor comprising the fol -
lowing precursor constituents: a. An Si wafer having a surface with a dopant concentration in the range from about 2*10* to about
2%10*! cm™; b. An electro-conductive paste superimposed over the surface, wherein the electro- conductive paste comprises the fol -
lowing paste constituents: i. Silver particles at least about 70 wt. % based on the total weight of the paste; ii. Inorganic reaction sys -
tem; iii. A metal compound comprising a metal M; iv. Organic vehicle.
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Electro-conductive pastes comprising a metal compound

Field of the Invention

In general, the present invention relates to electro-conductive pastes comprising metals com-
pounds and solar cells obtainable therefrom, preferably photovoltaic solar cells. More specifi-
cally, the present invention relates to solar cell precursors, processes for preparation of solar

cells, solar cells and solar modules.

Background of the Invention

Solar cells are devices that convert the energy of light into electricity using the photovoltaic
effect. Solar power is an attractive green energy source because it is sustainable and produces
only non-polluting by-products. Accordingly, a great deal of research is currently being devot-
ed to developing solar cells with enhanced efficiency while continuously lowering material
and manufacturing costs. When light hits a solar cell, a fraction of the incident light is reflected
by the surface and the remainder transmitted into the solar cell. The transmitted photons are
absorbed by the solar cell, which is usually made of a semiconducting material, such as silicon
which is often doped appropriately. The absorbed photon energy excites electrons of the semi-
conducting material, generating electron-hole pairs. These electron-hole pairs are then sepa-
rated by p-n junctions and collected by conductive electrodes on the solar cell surfaces. Figure

1 shows a minimal construction for a simple solar cell.

Solar cells are very commonly based on silicon, often in the form of a Si wafer. Here, a p-n
junction is commonly prepared either by providing an n-type doped Si substrate and applying a
p-type doped layer to one face or by providing a p-type doped Si substrate and applying an n-

type doped layer to one face to give in both cases a so called p-n junction. The face with the
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applied layer of dopant generally acts as the front face of the cell, the opposite side of the Si
with the original dopant acting as the back face. Both n-type and p-type solar cells are possible
and have been exploited industrially. Cells designed to harness light incident on both faces are

also possible, but their use has been less extensively harnessed.

In order to allow incident light on the front face of the solar cell to enter and be absorbed, the
front electrode is commonly arranged in two sets of perpendicular lines known as “fingers”
and “bus bars” respectively. The fingers form an electrical contact with the front face and bus
bars link these fingers to allow charge to be drawn off effectively to the external circuit. It is
common for this arrangement of fingers and bus bars to be applied in the form of an electro-
conductive paste which is fired to give solid electrode bodies. A back electrode is also often
applied in the form of an electro-conductive paste which is then fired to give a solid electrode
body. A typical electro-conductive paste contains metallic particles, glass frit, and an organic

vehicle.

Organic transition metal compounds have previously been employed in photovoltaic pastes,

for example in WO 2012/0583058 Al.

There continues to be a need in the state of the art for improvements to the approach to produc-

ing photovoltaic solar cells.

Summary of the Invention

The present invention is generally based on the object of overcoming at least one of the prob-

lems encountered in the state of the art in relation to solar cells.

More specifically, the present invention is further based on the object of providing solar cells

with improved performance, in particular improved electrical properties.

A contribution to achieving at least one of the above described objects is made by the subject

matter of the category forming claims of the present invention. A further contribution is made
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by the subject matter of the dependent claims of the present invention which represent specific

embodiments of the present invention.
Detailed Description

A contribution to achieving at least one of the above described objects is made by the follow-

ing embodiments.

|1| A precursor comprising the following precursor constituents:

a. An Si wafer having a surface with a dopant concentration in the range from
about 2*10"® to about 1.5%10%° cm™, preferably in the range from about 5*10'®
to about 1*¥10%°, more preferably in the range from about 2*10" to about
8*10".

b. An electro-conductive paste superimposed over the surface, wherein the electro-
conductive paste comprises the following paste constituents:

1. Silver particles at least about 70 wt. %, preferably at least about 75 wt.
%, more preferably at least about 80 wt. %, based on the total weight of
the paste;

ii. Inorganic reaction system;
iii. A metal compound comprising a metal M;

iv. Organic vehicle.

|2| The precursor according to embodiment |1|, wherein the metal compound is one or
more selected from the group consisting of: a metal oxide, an organic metal compound,

an organic metal oxide and a silver metal oxide.

|3] The precursor according to any of the preceding embodiments, wherein the metal M of
the metal compound is one or more selected from the group consisting of: Ge, Pb, As,
Sb, Se, Bi, Te, Nb, Ta, Cr, Mo, W and V; preferably one or more selected from the

group consisting of: Mo, W, Cr, Nb, Te, and V or one or more selected from the group
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4

5]

6]

7]

8]

9]

consisting of: Mo, W, Cr, Nb, and Te; more preferably one or more selected from the
group consisting of Mo, W and V, or one or more selected from the group consisting of

Mo and W.

The precursor according to any of the preceding embodiments, wherein the metal com-

pound comprises a chelating ligand with two or more coordinating sites.

The precursor according to embodiment |4|, wherein the chelating ligand comprises an
atom selected form the group consisting of: O, S, N, P or at least two thercof, prefera-

bly selected from the group consisting of: O and S, more preferably O.

The precursor according to any of the preceding embodiments, wherein the metal com-

pound comprises one or more acac moieties.

The precursor according to any of preceding embodiments, wherein the metal com-
pound has the formula MLz, MOL,, or MO,L, wherein M is a metal and L is a chelat-
ing ligand.

The precursor according to any of the preceding embodiments, wherein the metal com-
pound is one or more sclected from the group consisting of: V(acac);, WO,(acac),,

MoO,(acac),, VO(acac),.

The precursor according to any of the preceding embodiments, wherein the metal com-
pound has the general form Ag,M;0,, wherein:

M stands for a metal, and wherein M is not Ag;

x stands for an integer in the range from 1 to 3, preferably 1 or 2, more preferably 2;

y stands for an integer in the range from 1 to 2;

z stands for an integer in the range from 3 to 6, preferably 3 or 4.

|10/ The precursor according to any of the preceding embodiments, wherein the metal com-

pound is one or more selected from the group consisting of: AgVOs, AgaMoOy,

Ag2WO4.
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|11|The precursor according to any of the preceding embodiments, wherein the sheet resis-
tivity of the surface is above about 60 Ohm/square, preferably above about 80
Ohm/square, more preferably above about 90 Ohm/square, most preferably above
about 100 Ohm/square.

|12|The precursor according to any of the preceding embodiments, wherein the surface is

n-type doped.

|13|The precursor according to any of the preceding embodiments, wherein the inorganic
reaction system is present in the range from about 0.01 to about 7 wt. %, preferably in
the range from about 0.05 to about 6 wt. %, more preferably in the range from about
0.1 to about 5 wt. %, based on the total weight of the paste.

|14|A process for the preparation of a solar cell comprising the steps of:
a. Providing a precursor according to any of the preceding embodiments;

b. Firing the precursor to obtain the solar cell.

|15|A solar cell obtainable by a process according to embodiment |14].

|16|A module comprising 2 or more solar cells, at least one of which is according to em-

bodiment |15].

Wafer

Preferred wafers according to the present invention are regions among other regions of the
solar cell capable of absorbing light with high efficiency to yield electron-hole pairs and sepa-
rating holes and electrons across a boundary with high efficiency, preferably across a so called
p-n junction boundary. Preferred wafers according to the present invention are those compris-

ing a single body made up of a front doped layer and a back doped layer.
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It is preferred for that wafer to consist of appropriately doped tetravalent elements, binary
compounds, tertiary compounds or alloys. Preferred tetravalent elements in this context are Si,
Ge or Sn, preferably Si. Preferred binary compounds are combinations of two or more tetrava-
lent elements, binary compounds of a group III element with a group V element, binary com-
pounds of a group II element with a group VI element or binary compounds of a group IV el-
ement with a group VI element. Preferred combinations of tetravalent elements are combina-
tions of two or more elements selected from Si, Ge, Sn or C, preferably SiC. The preferred
binary compounds of a group III element with a group V element is GaAs. It is most preferred
according to the present invention for the wafer to be based on Si. Si, as the most preferred
material for the wafer, is referred to explicitly throughout the rest of this application. Sections
of the following text in which Si is explicitly mentioned also apply for the other wafer compo-

sitions described above.

Where the front doped layer and back doped layer of the wafer meet is the p-n junction bound-
ary. In an n-type solar cell, the back doped layer is doped with electron donating n-type dopant
and the front doped layer is doped with electron accepting or hole donating p-type dopant. In a
p-type solar cell, the back doped layer is doped with p-type dopant and the front doped layer is
doped with n-type dopant. It is preferred according to the present invention to prepare a wafer
with a p-n junction boundary by first providing a doped Si substrate and then applying a doped
layer of the opposite type to one face of that substrate.

In one embodiment, the wafer comprises an n-type face and a p-type face which are both pre-
sent on the same side of the wafer. One example of such an arrangement could be in an inter-
digitated wafer design, where provision of n-type and p-type faces on the same side of the wa-

fer allows low shadowing of the sun-side face of the cell and/or a more convenient preparation.

Doped Si substrates are well known to the person skilled in the art. The doped Si substrate can
be prepared in any way known to the person skilled in the art and which he considers to be
suitable in the context of the present invention. Preferred sources of Si substrates according to

the present invention are mono-crystalline Si, multi-crystalline Si, amorphous Si and upgraded
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metallurgical Si, mono-crystalline Si or multi-crystalline Si being most preferred. Doping to
form the doped Si substrate can be carried out simultancously by adding dopant during the
preparation of the Si substrate or can be carried out in a subsequent step. Doping subsequent to
the preparation of the Si substrate can be carried out for example by gas diffusion epitaxy.
Doped Si substrates are also readily commercially available. According to the present inven-
tion it is one option for the initial doping of the Si substrate to be carried out simultaneously to
its formation by adding dopant to the Si mix. According to the present invention it is one op-
tion for the application of the front doped layer and the highly doped back layer, if present, to
be carried out by gas-phase epitaxy. This gas phase epitaxy is preferably carried out at a tem-
perature in a range from 500 °C to 900 °C, more preferably in a range from 600 °C to 800 °C
and most preferably in a range from 650 °C to 750 °C at a pressure in a range from 2 kPa and
100 kPa, preferably in a range from 10 to 80 kPa, most preferably in a range from 30 to
70 kPa.

It is known to the person skilled in the art that Si substrates can exhibit a number of shapes,
surface textures and sizes. The shape can be one of a number of different shapes including cu-
boid, disc, wafer and irregular polyhedron amongst others. The preferred shape according to
the present invention is wafer shaped where that wafer is a cuboid with two dimensions which
are similar, preferably equal and a third dimension which is significantly less than the other

two dimensions. Significantly less in this context is preferably at least a factor of 100 smaller.

A variety of surface types are known to the person skilled in the art. According to the present
invention Si substrates with rough surfaces are preferred. One way to assess the roughness of
the substrate is to evaluate the surface roughness parameter for a sub-surface of the substrate
which is small in comparison to the total surface area of the substrate, preferably less than one
hundredth of the total surface area, and which is essentially planar. The value of the surface
roughness parameter is given by the ratio of the area of the subsurface to the area of a theoreti-
cal surface formed by projecting that subsurface onto the flat plane best fitted to the subsurface
by minimising mean square displacement. A higher value of the surface roughness parameter

indicates a rougher, more irregular surface and a lower value of the surface roughness parame-
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ter indicates a smoother, more even surface. According to the present invention, the surface
roughness of the Si substrate is preferably modified so as to produce an optimum balance be-
tween a number of factors including but not limited to light absorption and adhesion of fingers

to the surface.

The two dimensions with larger scale of the Si substrate can be varied to suit the application
required of the resultant solar cell. It is preferred according to the present invention for the
thickness of the Si wafer to lie below 0.5 mm more preferably below 0.3 mm and most prefer-

ably below 0.2 mm. Some wafers have a minimum size of 0.01 mm or more.

It is preferred according to the present invention for the front doped layer to be thin in compar-
ison to the back doped layer. It is preferred according to the present invention for the front
doped layer to have a thickness lying in a range from 0.1 to 10 um, preferably in a range from

0.1 to 5 um and most preferably in a range from 0.1 to 2 pm.

A highly doped layer can be applied to the back face of the Si substrate between the back
doped layer and any further layers. Such a highly doped layer is of the same doping type as the
back doped layer and such a layer is commonly denoted with a + (n'-type layers are applied to
n-type back doped layers and p'-type layers are applied to p-type back doped layers). This
highly doped back layer serves to assist metallisation and improve electro-conductive proper-
ties at the substrate/electrode interface area. It is preferred according to the present invention
for the highly doped back layer, if present, to have a thickness in a range from 1 to 100 um,

preferably in a range from 1 to 50 um and most preferably in a range from 1 to 15 um.

A contribution to achieving one or more of the above mentioned objects is made by a precur-
sor comprising a wafer in which one or more of the surfaces has a low dopant concentration,
preferably in the range from about 2%10"® to about 1.5%10°° cm™, preferably in the range from
about 5%10'® to about 1*10*, more preferably in the range from about 2*10' to about 8*10".

In one embodiment, the front face of the wafer has a low dopant concentration.
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In one embodiment, the wafer has a high sheet resistance, preferably above about 60
Ohm/square, more preferably above about 80 Ohm/square, further more preferably above
about 90 Ohm/square, most preferably above about 100 Ohm/square.

Dopants

Preferred dopants are those which, when added to the Si wafer, form a p-n junction boundary
by introducing electrons or holes into the band structure. It is preferred according to the pre-
sent invention that the identity and concentration of these dopants is specifically selected so as
to tune the band structure profile of the p-n junction and set the light absorption and conductiv-
ity profiles as required. Preferred p-type dopants according to the present invention are those
which add holes to the Si wafer band structure. They are well known to the person skilled in
the art. All dopants known to the person skilled in the art and which he considers to be suitable
in the context of the present invention can be employed as p-type dopant. Preferred p-type do-
pants according to the present invention are trivalent elements, particularly those of group 13
of the periodic table. Preferred group 13 elements of the periodic table in this context include
but are not limited to B, Al, Ga, In, Tl or a combination of at least two thereof, wherein B is

particularly preferred.

Preferred n-type dopants according to the present invention are those which add electrons to
the Si wafer band structure. They are well known to the person skilled in the art. All dopants
known to the person skilled in the art and which he considers to be suitable in the context of
the present invention can be employed as n-type dopant. Preferred n-type dopants according to
the present invention are elements of group 15 of the periodic table. Preferred group 15 ele-
ments of the periodic table in this context include N, P, As, Sb, Bi or a combination of at least

two thereof, wherein P is particularly preferred.
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Electro-conductive Paste

Preferred electro-conductive pastes according to the invention are pastes which can be applied

to a surface and which, on firing, form solid electrode bodies in electrical contact with that

surface. The constituents of the paste and proportions thereof can be selected by the person

skilled in the art in order that the paste have the desired properties such as sintering and printa-

bility and that the resulting electrode have the desired electrical and physical properties. Metal-

lic particles can be present in the paste, primarily in order that the resulting electrode body be

electrically conductive. In order to bring about appropriate sintering through surface layers and

into the Si wafer, an inorganic reaction system can be employed. An example composition of

an electrically-conductive paste which is preferred in the context of the invention might com-

prise:

iii)

Metallic particles, preferably silver particles, preferably at least about 50 wt. %,
more preferably at least about 70 wt. % and most preferably at least about
80 wt. %;

Inorganic reaction system, preferably glass frit or glass preferably in a range
from about 0.1 to about 6 wt. %, more preferably in a range from about 0.5 to

about 5 wt. % and most preferably in a range from about 1 to about 4 wt. %;

Organic vehicle, preferably in a range from about 5 to about 40 wt. %, more
preferably in a range from about 5 to about 30 wt. % and most preferably in a
range from about 5 to about 15 wt. %;

metal compound, preferably in the range from about 0.01 to about 7 wt. % more
preferably in the range from about 0.05 to about 6 wt. %, most preferably in the
range from about 0.1 to about 5 wt. %.

In one embodiment of the solar cell precursor according to the present invention, the electro-

conductive paste is on the front face of the wafer. In further embodiments, the electro conduc-

- 10 -
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tive paste is on the back face of the wafer or even on both faces and/or in a hole penetrating the
wafer. Such holes are often called via holes and are commonly used in so called metal wrap

through designs which are described in WO 2012/026812 A1 and WO 2012/026806 Al.

Metal compound

It is preferred in the context of the invention for the paste to comprise a metal compound. The
metal compound preferably is either a silver metal oxide or is able to form a silver metal oxide
under the firing conditions of the invention, preferably at temperatures below about 1000 °C,
more preferably below about 700 °C, further more preferably at temperatures below about 600
°C. In some cases this formation of the silver metal oxide is observed in a temperature range
from about 350 to 550°C. The metal compound and amount thercof are preferably selected in
such a way as to improve the properties of the resultant solar cell, preferably improving cell

efficiency and/or open circuit voltage.

In one embodiment, the metal compound is an organic metal compound, preferably comprising
a metal and one or more organic moicties having one or more carbon atoms, preferably one or
more ligands as described below. In one aspect of this embodiment, the metal of the metal
compound is one or more selected from the group consisting of Ge, Pb, As, Sb, Se, Bi, Te, Nb,
Ta, Cr, Mo, W and V; preferably one or more selected from the group consisting of: Mo, W,
Cr, Nb, Te, and V; more preferably one or more selected from the group consisting of Mo, W
and V. In another aspect of this embodiment, the metal of the metal compound is not V, pref-
erably being one or more selected from the group consisting of: Ge, Pb, As, Sb, Se, Bi, Te, Nb,
Ta, Cr, Mo and W; preferably one or more selected from the group consisting of: Mo, W, Cr,

Nb and Te; more preferably one or more selected from the group consisting of Mo and W.

In one embodiment, the metal compound is an organic metal oxide, preferably comprising a
metal, oxygen and one or more organic moicties having one or more carbon atoms, preferably
one or more ligands as described below. In one aspect of this embodiment, the metal of the

metal compound is one or more selected from the group consisting of Ge, Pb, As, Sb, Se, Bi,

- 11 -
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Te, Nb, Ta, Cr, Mo, W and V; preferably one or more selected from the group consisting of:
Mo, W, Cr, Nb, Te, and V; more preferably one or more selected from the group consisting of
Mo, W and V. In another aspect of this embodiment, the metal of the metal compound is not
V, preferably being one or more selected from the group consisting of: Ge, Pb, As, Se, Sb, Bi,
Te, Nb, Ta, Cr, Mo and W; preferably one or more selected from the group consisting of: Mo,
W, Cr, Nb and Te; more preferably one or more selected from the group consisting of Mo and

W.

In one embodiment, the metal compound is a metal oxide, preferably comprising a metal and
oxygen. In one aspect of this embodiment, the metal of the metal compound is one or more
selected from the group consisting of Ge, Pb, As, Sb, Se, Bi, Te, Nb, Ta, Cr, Mo, W and V;
preferably one or more selected from the group consisting of: Mo, W, Cr, Nb, Te, and V; more
preferably one or more selected from the group consisting of Mo, W and V. In another aspect
of this embodiment, the metal of the metal compound is not V, preferably being one or more
selected from the group consisting of: Ge, Pb, As, Sb, Se, Bi, Te, Nb, Ta, Cr, Mo and W, pref-
erably one or more selected from the group consisting of: Mo, W, Cr, Nb and Te; more prefer-

ably one or more selected from the group consisting of Mo and W.

In one embodiment, the metal compound is a silver metal oxide, preferably comprising silver,
a metal and oxygen. In one aspect of this embodiment, the metal of the metal compound is one
or more selected from the group consisting of Ge, Pb, As, Sb, Se, Bi, Te, Nb, Ta, Cr, Mo, W
and V; preferably one or more selected from the group consisting of: Mo, W, Cr, Nb, Te, and
V; more preferably one or more selected from the group consisting of Mo, W and V. In anoth-
er aspect of this embodiment, the metal of the metal compound is not V, preferably being one
or more selected from the group consisting of: Ge, Pb, As, Sb, Se, Bi, Te, Nb, Ta, Cr, Mo and
W; preferably one or more selected from the group consisting of: Mo, W, Cr, Nb and Te; more

preferably one or more selected from the group consisting of Mo and W.

According to one embodiment of this invention, it is preferred that the metal compound not

contain Ag chemically bound to it.

-12-
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In one embodiment, the metal compound comprises at least one coordinating ligand compris-
ing at least one carbon atom, preferably a chelating ligand which coordinates at least twice to
the metal. Preferred coordinating ligands comprise one or more selected from the group con-
sisting of: N, O, S, P, or a combination thereof; preferably one or more selected from the group
consisting of: N or O, or a combination thereof; more preferably at least one O atom. In one
aspect, it is preferred for the coordinating ligand, preferably the chelating ligand, to comprise
two or more selected from the group consisting of: N, O, S, P, or a combination therecof; pref-
erably two or more selected from the group consisting of: N or O, or a combination thereof;
more preferably at least two O atoms. The coordination of the ligand to the metal is preferably
via at least one N-(metal) connection or at least one O-(metal) connection or at least one P-
(metal) connection or at least one S-(metal) connection or a combination thereof. More prefer-
ably, the coordination of the ligand to the metal is via at least one N-(metal) connection or at
least one O-(metal) connection or a combination thereof, most preferably at via at least one O-

(metal) connection.

Preferred ligands according to the invention coordinate the metal once or more than once,
preferably twice or more that twice, more preferably twice. It is preferred that the ligand coor-
dinate the metal once, twice, thrice, four times, five times or six times; preferably twice, thrice,

four times, five times or six times; more preferably twice or thrice; most preferably twice.

Preferred ligands which coordinate the metal preferably comprise one or more selected from
the group consisting of: O, N, P and S, or a combination thereof; more preferably one or more
selected from the group consisting of: O and N, or a combination thereof; most preferably one
or more O atoms. Preferred ligands comprising O in this context are one or more selected from
the group consisting of: an alcohol, an alkoxide, a carboxylic acid, a carboxylate, an aldehyde,
a ketone, and an ether, or a combination thereof, more preferably one or more carboxylates.
Preferred ligands comprising N in this context are one or more selected from the group consist-
ing of: an amine, an amide, a sulphonamide, an amidine, an amine oxide, an azo compound, a

carbamate, a carbodiimide, an enamine, an imide, an imine, a nitrate, a nitrile, and an oxime,

- 13-



10

15

20

25

30

WO 2016/156166 PCT/EP2016/056455

or a combination thereof. Preferred ligands comprising S in this context are one or more se-
lected from the group consisting of: a thiol, a thioether, a disulphide, and a sulphanilamide, or
a combination thereof. Preferred ligands comprising P in this context are one or more selected
from the group consisting of: a phosphorus halide, a phosphorus alkyl halide, a phosphorus
oxide, a phosphorus alkyl oxide, a phosphorus oxy acid, and an alkyl phosphorus oxy acid, or

a combination thereof,

In one embodiment, the metal compound comprises one or more ligands which are twice coor-
dinated to the metal. Preferred ligands in this context are one or more selected from the group
consisting of: acac, NacNac (f-diketiminate), ethylenedaminetetraacetate, ethylenediamine. 2-
2’-bipyridine, tetra methyl ethylenediamine, 8-hydroxyquinoline, glycine, dimethylglyoxime,
2,2'-Bis(diphenylphosphino)—1,1'-binaphthyl, 1,1'-bis(diphenylphosphino)ferrocene, dime-
thylglyoxime, dimethylglyoxime, 8-hydroxyquinoline, oxylate, tartrate, and citrate, or a com-

bination thereof, preferably acac.

In one embodiment, the metal comprises one or more ligands which are thrice coordinated to
the metal. Preferred ligands in this context are one or more selected from the group consisting
of: terpyridine, diethylenetriamine, trispyrazolylborate, iminodiacetate and

2-(2-Aminoethylaminoethanol).
In one embodiment, the metal compound comprises one or more ligands which are four times
coordinated to the metal. Preferred ligands in this context are one or more selected from the
group consisting of: Triethylenetetramine, Porphyrin, Nitrilotriacetate,
Bis(salicylidene)ethylendiamine.
In one embodiment, the metal compound has the general formula

MOnLn

Wherein M is the metal;
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lis 1 or 2, preferably 1;
mis 1 or?2;
L is an organic moiety, and the individual L may be the same as or different to each other;

n is in the range from 1 to 5.

In one aspect of this embodiment, the metal compound has a formula selected from the group
consisting of: MOL, MOL, MOL3;, MOL4, MOLs, MO,L, MO,L;, MO,L3, and MO;L4; prefer-
ably MO;L, or MOL;; wherein the L in the molecule may be the same as or different to each
other.

In a further aspect of this embodiment, the metal compound comprises two or more metal at-
oms, preferably having the general formula M,0,L,, wherein M is a metal, preferably Mo, L is
a ligand, preferably acac, and x is a positive integer, preferably 2, 3 or 4, more preferably 3 or

4, most preferably 4.

In one embodiment, the metal compound is one or more selected from the group consisting of:
MoO,(acac),, WOs(acac),, CrO(acac);, NbOy(acac), and TeOjy(acac),, preferably
MoO,(acac), or WO;(acac),, or both, most preferably MoO,(acac),.

In another embodiment, the metal compound is an organic vanadium oxide, preferably

VO(acac)s,.

In one embodiment, the metal compound has a general formula M,O,, wherein:

M is a metal,

X 18 an integer, preferably in the range from about 1 to about 4;

y 18 an integer, preferably in the range from about 1 to about 20, more preferably in the range

from about 1 to about 10, most preferably in the range from about 1 to about 4;
In one aspect of this embodiment, the metal compound has a formula selected from the group

COIlSiSting Ofi MOz, MO3, M203, M204, MzOs, M206, M207, M305, M306, M307, M30g, M309,
M3010, M4O7, M408, M4O9, M4010, M4011, M4012, M4013, M4014.
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In one aspect of this embodiment, the metal compound is one or more selected from the group
consisting of: W,03, WO,, WO3, W,0s, MoO,, MoOs3, CrO, Cr,03, CrO;, CrOs, CrOs, CrsO,;,
NbO, NbOQ, szOs, TGO, TGOQ, T603, Sb204, szOg, szOs, VO, VzOg, V02 and VzOs or a

combination thereof; preferably one or more selected from WO3 and MoO:s.

In one embodiment, the metal compound has a general formula MLy, wherein:
M is a metal,

X 18 an integer, preferably 1 or 2, more preferably 1;

L in an organic moiety;

y in an integer, preferably in the range from about 1 to about 5.

In one aspect of this embodiment, the metal compound has a formula selected from the group
COIlSiStiIlg Ofﬁ ML, MLZ, ML3, ML4, ML5, ML6, M2L2, M2L3, M2L4, M2L5, M2L6, M2L7, Mng,
M2L9 and M2L10.

In one aspect of this embodiment, the metal compound is V(acac); or V(acac)s or both.

In one embodiment of the invention, the metal compound is a binary oxide with the general
formula Ag,M,0,, wherein M stands for a metal other than Ag and x, y and z are positive inte-
gers which may take on different values depending on M. In a preferred general formula
Ag.M,0,, x 1s an integer in the range from 1 to 5, preferably 1 or 2, y is 1, z is an integer in the

range from 1 to 6, preferably 3 or 4.

In one embodiment, the metal compound is one or more selected from the group consisting of:
AgV7015, AgaV4011, AgVOs, AgsV07, AgoMo4Oi3, AgoMo,0O7, AgoMoOs, AgVMoOsg,
Agy WO, AgCrO,, Ag,CrO4, AgMnQ4, AgNb;015, AgoNDbsOp1, AgNDOs AgSnO,, AgsPb,Og,
AgrSeQq4, AgrTeOs, Ag,TeOs, AgoTe 011, AgzAsO4, AgSbOs, AgysBi30is, AgsBiOs, AgsBiOy,
AgySi103, AgsSi04, AgrSi,0s, AgeSi,07, Agi10Si4O13; preferably one or more selected from the
group consisting of: AgVOs, AgsV,07, AgCrO, AgoMoQO4, AgVM00Os Agr, WO, AgySeOy,

- 16 -



10

15

20

25

30

WO 2016/156166 PCT/EP2016/056455

Ag2T604, AngeO3, Ag2T64011, AngO3, AngOL AngiO3, Ag4SiO4, AgQSizos; morec pref-
erably one or more selected from the group consisting of: AgVOs, Ag:MoQO4, Ago WO,.

In one embodiment it is preferred for the compound not to be present as a constituent of a
composite material. In one aspect of this embodiment, the metal compound is not part of an
inorganic reaction system, preferably not part of a glass. In another aspect of this embodiment,
the metal compound is present in the form of particles in which the metal compound is at least
about 60 wt. %, preferably at least about 90 wt. %, more preferably at least about 99 wt. % of
the particles.

Metallic particles

Preferred metallic particles in the context of the present invention are those which exhibit me-
tallic conductivity or which yield a substance which exhibits metallic conductivity on firing.
Metallic particles present in the electro-conductive paste gives metallic conductivity to the
solid electrode which is formed when the electro-conductive paste is sintered on firing. Metal-
lic particles which favour effective sintering and yield electrodes with high conductivity and
low contact resistance are preferred. Metallic particles are well known to the person skilled in
the art. All metallic particles known to the person skilled in the art and which he considers
suitable in the context of the present invention can be employed as the metallic particles in the
electro-conductive paste. Preferred metallic particles according to the present invention are
metals, alloys, mixtures of at least two metals, mixtures of at least two alloys or mixtures of at

least one metal with at least one alloy.

Preferred metals which can be employed as metallic particles according to the present inven-
tion are Ag, Cu, Al, Zn, Pd, Ni or Pb and mixtures of at least two thercof, preferably Ag. Pre-
ferred alloys which can be employed as metallic particles according to the present invention
are alloys containing at least one metal selected from the list of Ag, Cu, Al, Zn, Ni, W, Pb and

Pd or mixtures or two or more of those alloys.
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In one embodiment according to the present invention, the metallic particles comprise a metal
or alloy coated with one or more further different metals or alloys, for example copper coated

with silver.

In one embodiment according to the present invention, the metallic particles comprise Ag. In
another embodiment according to the present invention, the metallic particles comprise a mix-

ture of Ag with Al.

As additional constituents of the metallic particles, further to above mentioned constituents,
those constituents which contribute to more favourable sintering properties, electrical contact,
adhesion and electrical conductivity of the formed electrodes are preferred according to the
present invention. All additional constituents known to the person skilled in the art and which
he considers to be suitable in the context of the present invention can be employed in the me-
tallic particles. Those additional substituents which represent complementary dopants for the
face to which the electro-conductive paste is to be applied are preferred according to the pre-
sent invention. When forming an electrode interfacing with an n-type doped Si layer, additives
capable of acting as n-type dopants in Si are preferred. Preferred n-type dopants in this context
are group 15 elements or compounds which yield such elements on firing. Preferred group 15
elements in this context according to the present invention are P and Bi. When forming an
electrode interfacing with a p-type doped Si layer, additives capable of acting as p-type do-
pants in Si are preferred. Preferred p-type dopants are group 13 elements or compounds which
yield such elements on firing. Preferred group 13 elements in this context according to the pre-

sent invention are B and Al.

It is well known to the person skilled in the art that metallic particles can exhibit a variety of
shapes, surfaces, sizes, surface area to volume ratios, oxygen content and oxide layers. A large
number of shapes are known to the person skilled in the art. Some examples are spherical, an-
gular, elongated (rod or needle like) and flat (sheet like). Metallic particles may also be present
as a combination of particles of different shapes. Metallic particles with a shape, or combina-

tion of shapes, which favours advantageous sintering, electrical contact, adhesion and electri-
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cal conductivity of the produced electrode are preferred according to the present invention.
One way to characterise such shapes without considering surface nature is through the parame-
ters length, width and thickness. In the context of the present invention the length of a particle
is given by the length of the longest spatial displacement vector, both endpoints of which are
contained within the particle. The width of a particle is given by the length of the longest spa-
tial displacement vector perpendicular to the length vector defined above both endpoints of
which are contained within the particle. The thickness of a particle is given by the length of the
longest spatial displacement vector perpendicular to both the length vector and the width vec-
tor, both defined above, both endpoints of which are contained within the particle. In one em-
bodiment according to the present invention, metallic particles with shapes as uniform as pos-
sible are preferred i.e. shapes in which the ratios relating the length, the width and the thick-
ness are as close as possible to 1, preferably all ratios lying in a range from 0.7 to 1.5, more
preferably in a range from 0.8 to 1.3 and most preferably in a range from 0.9 to 1.2. Examples
of preferred shapes for the metallic particles in this embodiment are therefore spheres and cu-
bes, or combinations thereof, or combinations of one or more thereof with other shapes. In
another embodiment according to the present invention, metallic particles are preferred which
have a shape of low uniformity, preferably with at least one of the ratios relating the dimen-
sions of length, width and thickness being above 1.5, more preferably above 3 and most pref-
erably above 5. Preferred shapes according to this embodiment are flake shaped, rod or needle

shaped, or a combination of flake shaped, rod or needle shaped with other shapes.

A variety of surface types are known to the person skilled in the art. Surface types which fa-
vour effective sintering and yield advantageous electrical contact and conductivity of produced
electrodes are favoured for the surface type of the metallic particles according to the present

invention.

Another way to characterise the shape and surface of a metallic particle is by its surface area to
volume ratio. The lowest value for the surface area to volume ratio of a particle is embodied by
a sphere with a smooth surface. The less uniform and uneven a shape is, the higher its surface

arca to volume ratio will be. In one embodiment according to the present invention, metallic
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particles with a high surface area to volume ratio are preferred, preferably in a range from
1.0x10" to 1.0x10°m™, more preferably in a range from 5.0x10 to 5.0x10°m™ and most pref-
erably in a range from 1.0x10° to 5.0x10°m™. In another embodiment according to the present
invention, metallic particles with a low surface area to volume ratio are preferred, preferably in
a range from 6x10° to 8.0x10°m™, more preferably in a range from 1.0x10° to 6.0x10°m™ and

most preferably in a range from 2.0x10° to 4.0x10°m™.

The particles diameter dso and the associated values djo and dgg are characteristics of particles
well known to the person skilled in the art. It is preferred according to the present invention
that the average particle diameter dso of the metallic particles lie in a range from 0.5 to 10 um,
more preferably in a range from 1 to 10 um and most preferably in a range from 1 to 5 pm.

The determination of the particles diameter dsq is well known to a person skilled in the art. .

The metallic particles may be present with a surface coating. Any such coating known to the
person skilled in the art and which he considers to be suitable in the context of the present in-
vention can be employed on the metallic particles. Preferred coatings according to the present
invention are those coatings which promote improved printing, sintering and etching character-
istics of the electro-conductive paste. If such a coating is present, it is preferred according to
the present invention for that coating to correspond to no more than 10 wt. %, preferably no
more than 8 wt. %, most preferably no more than 5 wt. %, in each case based on the total

weight of the metallic particles.

In one embodiment according to the present invention, the metallic particles are present as a
proportion of the electro-conductive paste more than 50 wt. %, preferably more than 70 wt. %,
most preferably more than 80 wt. %.

Inorganic Reaction System

Inorganic reaction system, preferably glass frit or glass, is present in the electro-conductive

paste according to the invention in order to bring about etching and sintering. Preferred inor-
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ganic reaction systems are preferably either glasses, preferably glass frit or glass or materials
which are capable of forming glasses on firing. Effective etching is required to etch through
any additional layers which may have been applied to the Si wafer and thus lie between the
front doped layer and the applied electro-conductive paste as well as to etch into the Si wafer
to an appropriate extent. Appropriate etching of the Si wafer means deep enough to bring
about good electrical contact between the electrode and the front doped layer and thus lead to a
low contact resistance but not so deep as to interfere with the p-n junction boundary. Preferred,
inorganic reaction systems, preferably glass frits or glasses, in the context of the invention are
powders of amorphous or partially crystalline solids which exhibit a glass transition. The glass
transition temperature T, 1s the temperature at which an amorphous substance transforms from
a rigid solid to a partially mobile undercooled melt upon heating. Methods for the determina-
tion of the glass transition temperature are well known to the person skilled in the art. The
etching and sintering brought about by the inorganic reaction system, preferably the glass frit
or glass, occurs above the glass transition temperature of the inorganic reaction system, prefer-
ably the glass frit or glass, and it is preferred that the glass transition temperature lic below the
desired peak firing temperature. Inorganic reaction system, preferably glass frits or glasses, are
well known to the person skilled in the art. All inorganic reaction systems, preferably glass
frits or glasses, known to the person skilled in the art and which he considers suitable in the
context of the invention can be employed as the inorganic reaction system in the electro-

conductive paste.

As mentioned above, it is preferred for the inorganic reaction system, preferably the glass frit
or glass, to have a glass transition temperature below the desired firing temperature of the elec-
tro-conductive paste. In one embodiment of the invention the inorganic reaction system, pref-
erably the glass frit or glass, has a glass transition temperature in the range from about 250 to
about 530 °C, more preferably in a range from about 300 to about 500 °C, and most preferably
in a range from about 320 to about 450 °C.

It is well known to the person skilled in the art that glass frit particles can exhibit a variety of

shapes, surface natures, sizes, surface area to volume ratios, and coating layers.
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A large number of shapes of glass frit particles are known to the person skilled in the art. Some
examples are spherical, angular, elongated (rod or needle like) and flat (sheet like). Glass frit
particles may also be present as a combination of particles of different shapes. Glass frit parti-
cles with a shape, or combination of shapes, which favours advantageous sintering, adhesion,
electrical contact and electrical conductivity of the produced electrode are preferred according

to the invention.

The average particles diameter dso, and the associated parameters d;o and dog are characteristics
of particles well known to the person skilled in the art. It is preferred according to the inven-
tion that the average particle diameter dso of the glass frit lies in a range from about 0.1 to
about 10 um, more preferably in a range from about 0.2 to about 7 um and most preferably in

a range from about 0.5 to about 5 pm.

In one embodiment of the invention, the glass frit particles have a dso in a range from about 0.1
to about 3 um, preferably in a range from about 0.5 to about 2 um, more preferably in a range

from about 0.8 to about 1.5 um.

Organic Vehicle

Preferred organic vehicles in the context of the present invention are solutions, emulsions or
dispersions based on a one or more solvents, preferably an organic solvent, which ensure that
the constituents of the electro-conductive paste are present in a dissolved, emulsified or dis-
persed form. Preferred organic vehicles are those which provide optimal stability of constitu-
ents within the electro-conductive paste and endow the electro-conductive paste with a viscosi-
ty allowing effective line printability. Preferred organic vehicles according to the present in-

vention comprise as vehicle components:

(1) a binder, preferably in a range of 1 to 10 wt. %, more preferably in a range of 2
to 8 wt. % and most preferably in a range of 3 to 7 wt. %;
(i)  a surfactant, preferably in a range of 0 to 10 wt. %, more preferably in a range

of 0 to 8 wt. % and most preferably in a range of 0.1 to 6 wt. %;
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(i)  one or more solvents, the proportion of which is determined by the proportions
of the other constituents in the organic vehicle;
(iv)  additives, preferably in range of 0 to 15 wt. %, more preferably in a range of 0
to 13 wt.% and most preferably in a range of 5 to 11 wt. %,
wherein the wt. % are cach based on the total weight of the organic vehicle and add up to 100
wt. %. According to the present invention preferred organic vehicles are those which allow for
the preferred high level of printability of the electro-conductive paste described above to be

achieved.

Binder

Preferred binders in the context of the present invention are those which contribute to the for-
mation of an electro-conductive paste with favourable stability, printability, viscosity, sintering
and etching properties. Binders are well known to the person skilled in the art. All binders
which are known to the person skilled in the art and which he considers to be suitable in the
context of this invention can be employed as the binder in the organic vehicle. Preferred bind-
ers according to the present invention (which often fall within the category termed “resins”)
are polymeric binders, monomeric binders, and binders which are a combination of polymers
and monomers. Polymeric binders can also be copolymers where at least two different mono-
meric units are contained in a single molecule. Preferred polymeric binders are those which
carry functional groups in the polymer main chain, those which carry functional groups off of
the main chain and those which carry functional groups both within the main chain and off of
the main chain. Preferred polymers carrying functional groups in the main chain are for exam-
ple polyesters, substituted polyesters, polycarbonates, substituted polycarbonates, polymers
which carry cyclic groups in the main chain, poly-sugars, substituted poly-sugars, polyure-
thanes, substituted polyurethanes, polyamides, substituted polyamides, phenolic resins, substi-
tuted phenolic resins, copolymers of the monomers of one or more of the preceding polymers,
optionally with other co-monomers, or a combination of at least two thereof. Preferred poly-
mers which carry cyclic groups in the main chain are for example polyvinylbutylate (PVB) and

its derivatives and poly-terpineol and its derivatives or mixtures thereof. Preferred poly-sugars
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are for example cellulose and alkyl derivatives thereof, preferably methyl cellulose, ethyl cel-
lulose, propyl cellulose, butyl cellulose and their derivatives and mixtures of at least two
thereof. Preferred polymers which carry functional groups off of the main polymer chain are
those which carry amide groups, those which carry acid and/or ester groups, often called acryl-
ic resins, or polymers which carry a combination of aforementioned functional groups, or a
combination thercof. Preferred polymers which carry amide off of the main chain are for ex-
ample polyvinyl pyrrolidone (PVP) and its derivatives. Preferred polymers which carry acid
and/or ester groups off of the main chain are for example polyacrylic acid and its derivatives,
polymethacrylate (PMA) and its derivatives or polymethylmethacrylate (PMMA) and its de-
rivatives, or a mixture thereof. Preferred monomeric binders according to the present invention
are ethylene glycol based monomers, terpineol resins or rosin derivatives, or a mixture thereof.
Preferred monomeric binders based on ethylene glycol are those with ether groups, ester
groups or those with an ether group and an ester group, preferred ether groups being methyl,
ethyl, propyl, butyl, pentyl hexyl and higher alkyl ethers, the preferred ester group being ace-
tate and its alkyl derivatives, preferably ethylene glycol monobutylether monoacetate or a mix-
ture thereof. Alkyl cellulose, preferably ethyl cellulose, its derivatives and mixtures thereof
with other binders from the preceding lists of binders or otherwise are the most preferred bind-

ers in the context of the present invention.

Surfactant

Preferred surfactants in the context of the present invention are those which contribute to the
formation of an electro-conductive paste with favourable stability, printability, viscosity, sin-
tering and etching properties. Surfactants are well known to the person skilled in the art. All
surfactants which are known to the person skilled in the art and which he considers to be suita-
ble in the context of this invention can be employed as the surfactant in the organic vehicle.
Preferred surfactants in the context of the present invention are those based on linear chains,
branched chains, aromatic chains, fluorinated chains, siloxane chains, polyether chains and
combinations thereof. Preferred surfactants are single chained double chained or poly chained.

Preferred surfactants according to the present invention have non-ionic, anionic, cationic, or
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zwitterionic heads. Preferred surfactants are polymeric and monomeric or a mixture thereof.
Preferred surfactants according to the present invention can have pigment affinic groups, pref-
erably hydroxyfunctional carboxylic acid esters with pigment affinic groups (e.g.,
DISPERBYK®-108, manufactured by BYK USA, Inc.), acrylate copolymers with pigment
affinic groups (¢.g., DISPERBYK"-116, manufactured by BYK USA, Inc.), modified polyeth-
ers with pigment affinic groups (e.g., TEGO® DISPERS 655, manufactured by Evonik Tego
Chemic GmbH), other surfactants with groups of high pigment affinity (c.g., TEGO®
DISPERS 662 C, manufactured by Evonik Tego Chemie GmbH). Other preferred polymers
according to the present invention not in the above list are polyethyleneglycol and its deriva-
tives, and alkyl carboxylic acids and their derivatives or salts, or mixtures thercof. The pre-
ferred  polyethyleneglycol  derivative according to the present invention is
poly(ethyleneglycol)acetic acid. Preferred alkyl carboxylic acids are those with fully saturated
and those with singly or poly unsaturated alkyl chains or mixtures thercof. Preferred carbox-
ylic acids with saturated alkyl chains are those with alkyl chains lengths in a range from 8 to
20 carbon atoms, preferably CoH;9COOH (capric acid), C;;H;3COOH (Lauric acid),
C13H2;COOH (myristic acid) C;sH3COOH (palmitic acid), C;7H3sCOOH (stearic acid) or
mixtures thereof. Preferred carboxylic acids with unsaturated alkyl chains are C,sH340; (oleic
acid) and C;sH3,0; (linoleic acid). The preferred monomeric surfactant according to the pre-

sent invention is benzotriazole and its derivatives.

Solvent

Preferred solvents according to the present invention are constituents of the electro-conductive
paste which are removed from the paste to a significant extent during firing, preferably those
which are present after firing with an absolute weight reduced by at least 80% compared to
before firing, preferably reduced by at least 95% compared to before firing. Preferred solvents
according to the present invention are those which allow an electro-conductive paste to be
formed which has favourable viscosity, printability, stability and sintering characteristics and
which yields electrodes with favourable electrical conductivity and electrical contact to the

substrate. Solvents are well known to the person skilled in the art. All solvents which are
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known to the person skilled in the art and which he considers to be suitable in the context of
this invention can be employed as the solvent in the organic vehicle. According to the present
invention preferred solvents are those which allow the preferred high level of printability of
the electro-conductive paste as described above to be achieved. Preferred solvents according to
the present invention are those which exist as a liquid under standard ambient temperature and
pressure (SATP) (298.15 K, 25 °C, 77 °F), 100 kPa (14.504 psi, 0.986 atm), preferably those
with a boiling point above 90 °C and a melting point above -20 °C. Preferred solvents accord-
ing to the present invention are polar or non-polar, protic or aprotic, aromatic or non-aromatic.
Preferred solvents according to the present invention are mono-alcohols, di-alcohols, poly-
alcohols, mono-esters, di-esters, poly-esters, mono-cthers, di-ethers, poly-ethers, solvents
which comprise at least one or more of these categories of functional group, optionally com-
prising other categories of functional group, preferably cyclic groups, aromatic groups, unsatu-
rated-bonds, alcohol groups with one or more O atoms replaced by heteroatoms, ether groups
with one or more O atoms replaced by heteroatoms, esters groups with one or more O atoms
replaced by heteroatoms, and mixtures of two or more of the aforementioned solvents. Pre-
ferred esters in this context are di-alkyl esters of adipic acid, preferred alkyl constituents being
methyl, ethyl, propyl, butyl, pentyl, hexyl and higher alkyl groups or combinations of two dif-
ferent such alkyl groups, preferably dimethyladipate, and mixtures of two or more adipate es-
ters. Preferred ethers in this context are diethers, preferably dialkyl ethers of ethylene glycol,
preferred alkyl constituents being methyl, ethyl, propyl, butyl, pentyl, hexyl and higher alkyl
groups or combinations of two different such alkyl groups, and mixtures of two dicthers. Pre-
ferred alcohols in this context are primary, secondary and tertiary alcohols, preferably tertiary
alcohols, terpineol and its derivatives being preferred, or a mixture of two or more alcohols.
Preferred solvents which combine more than one different functional groups are 2,2,4-
trimethyl-1,3-pentanediol monoisobutyrate, often called texanol, and its derivatives, 2-(2-
ethoxyethoxy)ethanol, often known as carbitol, its alkyl derivatives, preferably methyl, ethyl,
propyl, butyl, pentyl, and hexyl carbitol, preferably hexyl carbitol or butyl carbitol, and acetate
derivatives thereof, preferably butyl carbitol acetate, or mixtures of at least 2 of the aforemen-

tioned.
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Additives in the organic vehicle

Preferred additives in the organic vehicle are those additives which are distinct from the
aforementioned vehicle components and which contribute to favourable properties of the elec-
tro-conductive paste, such as advantageous viscosity, sintering, electrical conductivity of the
produced clectrode and good electrical contact with substrates. All additives known to the per-
son skilled in the art and which he considers to be suitable in the context of the present inven-
tion can be employed as additive in the organic vehicle. Preferred additives according to the
present invention are thixotropic agents, viscosity regulators, stabilising agents, inorganic addi-
tives, thickeners, emulsifiers, dispersants or pH regulators. Preferred thixotropic agents in this
context are carboxylic acid derivatives, preferably fatty acid derivatives or combinations
thereof. Preferred fatty acid derivatives are CoH19COOH (capric acid), C;1H23COOH (Lauric
acid), C;3H,7COOH (myristic acid) C;sH3COOH (palmitic acid), C17H3sCOOH (stearic acid)
Ci15H340; (oleic acid), C1sHs,0; (linoleic acid) or combinations thercof. A preferred combina-

tion comprising fatty acids in this context is castor oil.

Additives in the electro-conductive paste

Preferred additives in the context of the present invention are constituents added to the electro-
conductive paste, in addition to the other constituents explicitly mentioned, which contribute to
increased performance of the electro-conductive paste, of the electrodes produced thereof or of
the resulting solar cell. All additives known to the person skilled in the art and which he con-
siders suitable in the context of the present invention can be employed as additive in the elec-
tro-conductive paste. In addition to additives present in the vehicle, additives can also be pre-
sent in the electro-conductive paste. Preferred additives according to the present invention are
thixotropic agents, viscosity regulators, emulsifiers, stabilising agents or pH regulators, inor-
ganic additives, thickeners and dispersants or a combination of at least two thereof, whereas
inorganic additives are most preferred. Preferred inorganic additives in this context according

to the present invention are Mg, Ni, Te, W, Zn, Gd, Ce, Zr, Ti, Mn, Sn, Ru, Co, Fe, Cu and Cr
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or a combination of at least two thereof, preferably Zn, Sb, Mn, Ni, W, Te and Ru or a combi-

nation of at least two thercof, or a mixture of at least two of the aforementioned metals.

Precursor

Preferred precursors in the context of the invention comprise:
1. A wafer, preferably a Si wafer, preferably with a p-n junction, preferably having at
least a p-type face and a n-type face;

2. A paste according to the invention superimposed over a doped face of the wafer.

According to one embodiment, the paste is superimposed over a p-type doped face of the wa-
fer. According to another embodiment, the paste is superimposed over an n-type doped face of
the wafer. In one embodiment, the paste is applied to both an n-type face of the wafer and to a

p-type doped face of the wafer.

In one embodiment, the wafer has a n-type face and a p-type face on the same side of the wa-

fer.
Process for producing a Solar Cell
A contribution to achieving at one of the aforementioned objects is made by a process for pro-
ducing a solar cell at least comprising the following as process steps:
1) provision of a solar cell precursor as described above, in particular combining
any of the above described embodiments; and
i) firing of the solar cell precursor to obtain a solar cell.

Printing

It is preferred according to the present invention that the front and back electrodes are applied

by applying an electro-conductive paste and then firing said electro-conductive paste to obtain
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a sintered body. The electro-conductive paste can be applied in any manner known to the per-
son skilled in that art and which he considers suitable in the context of the present invention
including but not limited to impregnation, dipping, pouring, dripping on, injection, spraying,
knife coating, curtain coating, brushing or printing or a combination of at least two thereof,
wherein preferred printing techniques are ink-jet printing, screen printing, tampon printing,
offset printing, relief printing or stencil printing or a combination of at least two thereof. It is
preferred according to the present invention that the electro-conductive paste is applied by
printing, preferably by screen printing. It is preferred according to the present invention that
the screens have mesh opening with a diameter in a range from 15 to 100 um, more preferably

in a range from 20 to 80 um, and most preferably in a range from 25 to 70 um.

Firing

It is preferred according to the present invention for electrodes to be formed by first applying
an electro-conductive paste and then firing said electro-conductive paste to yield a solid elec-
trode body. Firing is well known to the person skilled in the art and can be effected in any
manner known to him and which he considers suitable in the context of the present invention.

Firing must be carried out above the glass transition temperature of the glass frit.

According to the present invention the maximum temperature set for the firing is below
900 °C, preferably below 860 °C. Firing temperatures as low as 820 °C have been employed
for obtaining solar cells. It is preferred according to the present invention for firing to be car-
ried out in a fast firing process with a total firing time in the range from 30 s to 3 minutes,
more preferably in the range from 30 s to 2 minutes and most preferably in the range from 40 s

to 1 minute. The time above 600 °C is most preferably from 3 to 7 s.

Firing of electro-conductive pastes on the front and back faces can be carried out simultane-
ously or sequentially. Simultaneous firing is appropriate if the electro-conductive pastes ap-
plied to both faces have similar, preferably identical, optimum firing conditions. Where appro-

priate, it is preferred according to the present invention for firing to be carried out simultane-
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ously. Where firing is affected sequentially, it is preferable according to the present invention
for the back electro-conductive paste to be applied and fired first, followed by application and

firing of the electro-conductive paste to the front face.

Solar Cell

A contribution to achieving at least one of the above described objects is made by a solar cell
obtainable by a process according to the present invention. Preferred solar cells according to
the present invention are those which have a high efficiency in terms of proportion of total
energy of incident light converted into electrical energy output and which are light and dura-
ble. The common configuration of a solar cell according to the present invention (excluding
layers which are purely for chemical and mechanical protection) is as depicted in figure 2. The
layer configuration shown there is given as follows: (i) Front electrode, (ii) Anti reflection
coating, (iii) Front passivation layer, (iv) Front doped layer, (v) p-n junction boundary, (vi)
Back doped layer, (vii) Highly doped back layer, (viii) Back passivation layer, (ix) Back elec-
trode. Individual layers can be omitted from this common layer configuration or individual
layers can indeed perform the function of more than one of the layers described in the common
embodiment outlined above. In one embodiment of the present invention, a single layer acts as
both anti-reflection layer and passivation layer. The minimum required layer configuration is
given in figure 1. This minimum layer configuration is as follows: (I) Front electrode, (II)

Front doped layer, (III) p-n junction boundary, (IV) Back doped layer, (V) Back electrode.

In one embodiment of the invention, the solar cell comprises a wafer with a sheet resistance of
at least 80 Ohm/sq., preferably at least 90 Ohm/sq. more preferably at least 100 Ohm/sq. In
some cases, a maximum value of 200 Ohm/sq. is observed for the sheet resistance of high

Ohmic wafers.

Anti-reflection Coating
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According to the present invention, an anti-reflection coating can be applied as the outer and
often as the outermost layer before the electrode on the front face of the solar cell. Preferred
anti-reflection coatings according to the present invention are those which decrease the propor-
tion of incident light reflected by the front face and increase the proportion of incident light
crossing the front face to be absorbed by the wafer. Anti-reflection coatings which give rise to
a favourable absorption/reflection ratio, are susceptible to etching by the employed electro-
conductive paste but are otherwise resistant to the temperatures required for firing of the elec-
tro-conductive paste, and do not contribute to increased recombination of electrons and holes
in the vicinity of the electrode interface are favoured. All anti-reflection coatings known to the
person skilled in the art and which he considers to be suitable in the context of the present in-
vention can be employed. Preferred anti-reflection coatings according to the present invention
are SiNy, Si0,, ALLOs, TiO; or mixtures of at least two thereof and/or combinations of at least
two layers thereof, wherein SiNy is particularly preferred, in particular where an Si wafer is

employed.

The thickness of anti-reflection coatings is suited to the wavelength of the appropriate light.
According to the present invention it is preferred for anti-reflection coatings to have a thick-
ness in a range from 20 to 300 nm, more preferably in a range from 40 to 200 nm and most

preferably in a range from 60 to 90 nm.

Passivation Layers

According to the present invention, one or more passivation layers can be applied to the front
and/or back side as outer or as the outermost layer before the electrode, or before the anti-
reflection layer if one is present. Preferred passivation layers are those which reduce the rate of
electron/hole recombination in the vicinity of the electrode interface. Any passivation layer
which is known to the person skilled in the art and which he considers to be suitable in the
context of the present invention can be employed. Preferred passivation layers according to the
present invention are silicon nitride, silicon dioxide and titanium dioxide, silicon nitride being

most preferred. According to the present invention, it is preferred for the passivation layer to
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have a thickness in a range from 0.1 nm to 2 um, more preferably in a range from 10 nm to

1 um and most preferably in a range from 30 nm to 200 nm.

Additional Protective layers

In addition to the layers described above which directly contribute to the principle function of
the solar cell, further layers can be added for mechanical and chemical protection. The cell can
be encapsulated to provide chemical protection. Encapsulations are well known to the person
skilled in the art and any encapsulation can be employed which is known to him and which he
considers suitable in the context of the present invention. According to the present invention,
transparent polymers, often referred to as transparent thermoplastic resins, are preferred as the
encapsulation material, if such an encapsulation is present. Preferred transparent polymers in

this context are for example silicon rubber and polyethylene vinyl acetate (PVA).

A transparent glass sheet can be added to the front of the solar cell to provide mechanical pro-
tection to the front face of the cell. Transparent glass sheets are well known to the person
skilled in the art and any transparent glass sheet known to him and which he considers to be
suitable in the context of the present invention can be employed as protection on the front face

of the solar cell.

A back protecting material can be added to the back face of the solar cell to provide mechani-
cal protection. Back protecting materials are well known to the person skilled in the art and
any back protecting material which is known to the person skilled in the art and which he con-
siders to be suitable in the context of the present invention can be employed as protection on
the back face of the solar cell. Preferred back protecting materials according to the present in-
vention are those having good mechanical properties and weather resistance. The preferred
back protection materials according to the present invention is polyethylene terephthalate with
a layer of polyvinyl fluoride. It is preferred according to the present invention for the back pro-
tecting material to be present underneath the encapsulation layer (in the event that both a back

protection layer and encapsulation are present).
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A frame material can be added to the outside of the solar cell to give mechanical support.
Frame materials are well known to the person skilled in the art and any frame material known
to the person skilled in the art and which he considers suitable in the context of the present
invention can be employed as frame material. The preferred frame material according to the

present invention is aluminium.

Solar panels

A contribution to achieving at least one of the above mentioned objects is made by a module
comprising at least a solar cell obtained as described above, in particular according to at least
one of the above described embodiments, and at least one more solar cell. A multiplicity of
solar cells according to the present invention can be arranged spatially and electrically con-
nected to form a collective arrangement called a module. Preferred modules according to the
present invention can take a number of forms, preferably a rectangular surface known as a so-
lar panel. A large variety of ways to electrically connect solar cells as well as a large variety of
ways to mechanically arrange and fix such cells to form collective arrangements are well
known to the person skilled in the art and any such methods known to him and which he con-
siders suitable in the context of the present invention can be employed. Preferred methods ac-
cording to the present invention are those which result in a low mass to power output ratio, low
volume to power output ration, and high durability. Aluminium is the preferred material for

mechanical fixing of solar cells according to the present invention.
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Description of the Drawings

The present invention is now explained by means of figures which are intended for illustration
only and are not to be considered as limiting the scope of the present invention. In brief,

Fig. 1 shows a cross sectional view of the minimum layer configuration for a solar cell,

Fig. 2 shows a cross sectional view a common layer configuration for a solar cell,

Fig. 3a, 3b and 3¢ together illustrate the process of firing a front side paste.

Fig. 4 shows the positioning of cuts for the test method below to measure specific contact re-

sistance.

Figure 1 shows a cross sectional view of a solar cell 100 and represents the minimum required
layer configuration for a solar cell according to the present invention. Starting from the back
face and continuing towards the front face the solar cell 100 comprises a back electrode 104, a
back doped layer 106, a p-n junction boundary 102, a front doped layer 105 and a front elec-
trode 103, wherein the front electrode penetrates into the front doped layer 105 enough to form
a good electrical contact with it, but not so much as to shunt the p-n junction boundary 102.
The back doped layer 106 and the front doped layer 105 together constitute a single doped Si
wafer 101. In the case that 100 represents an n-type cell, the back electrode 104 is preferably a
silver electrode, the back doped layer 106 is preferably Si lightly doped with P, the front doped
layer 105 is preferably Si heavily doped with B and the front electrode 103 is preferably a
mixed silver and aluminium e¢lectrode. In the case that 100 represents a p-type cell, the back
electrode 104 is preferably a mixed silver and aluminium electrode, the back doped layer 106
is preferably Si lightly doped with B, the front doped layer 105 is preferably Si heavily doped
with P and the front electrode 103 is preferably a silver electrode. The front electrode 103 has
been represented in figure 1 as consisting of three bodies purely to illustrate schematically the
fact that the front electrode 103 does not cover the front face in its entirety. The present inven-

tion does not limit the front electrode 103 to those consisting of three bodies.
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Figure 2 shows a cross sectional view of a common layer configuration for a solar cell 200
according to the present invention (excluding additional layers which serve purely for chemi-
cal and mechanical protection). Starting from the back face and continuing towards the front
face the solar cell 200 comprises a back electrode 104, a back passivation layer 208, a highly
doped back layer 210, a back doped layer 106, a p-n junction boundary 102, a front doped lay-
er 105, a front passivation layer 207, an anti-reflection layer 209, front electrode fingers 214
and front electrode bus bars 215, wherein the front electrode fingers penetrate through the anti-
reflection layer 209 and the front passivation layer 207 and into the front doped layer 105 far
enough to form a good electrical contact with the front doped layer, but not so far as to shunt
the p-n junction boundary 102. In the case that 200 represents an n-type cell, the back elec-
trode 104 is preferably a silver electrode, the highly doped back layer 210 is preferably Si
heavily doped with P, the back doped layer 106 is preferably Si lightly doped with P, the front
doped layer 105 is preferably Si heavily doped with B, the anti-reflection layer 209 is prefera-
bly a layer of silicon nitride and the front electrode fingers and bus bars 214 and 215 are pref-
erably a mixture of silver and aluminium. In the case that 200 represents a p-type cell, the back
electrode 104 is preferably a mixed silver and aluminium electrode, the highly doped back
layer 210 is preferably Si heavily doped with B, the back doped layer 106 is preferably Si
lightly doped with B, the front doped layer 105 is preferably Si heavily doped with P, the anti-
reflection layer 209 is preferably a layer of silicon nitride and the front electrode fingers and
bus bars 214 and 215 are preferably silver. Figure 2 is schematic and the invention does not
limit the number of front electrode fingers to three as shown. This cross sectional view is una-
ble to effectively show the multitude of front electrode bus bars 215 arranged in parallel lines

perpendicular to the front electrode fingers 214.

Figures 3a, 3b and 3c together illustrate the process of firing a front side paste to yield a front
side electrode. Figures 3a, 3b and 3c are schematic and generalised and additional layers fur-
ther to those constituting the p-n junction are considered simply as optional additional layers

without more detailed consideration.
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Figure 3a illustrates a wafer before application of front electrode, 300a. Starting from the back
face and continuing towards the front face the wafer before application of front electrode 300a
optionally comprises additional layers on the back face 311, a back doped layer 106, a p-n
junction boundary 102, a front doped layer 105 and additional layers on the front face 312. The
additional layers on the back face 311 can comprise any of a back electrode, a back passivation
layer, a highly doped back layer or none of the above. The additional layer on the front face

312 can comprise any of a front passivation layer, an anti-reflection layer or none of the above.

Figure 3b shows a wafer with electro-conductive paste applied to the front face before firing
300b. In addition to the layers present in 300a described above, an electro-conductive paste

313 is present on the surface of the front face.

Figure 3¢ shows a wafer with front electrode applied 300c. In addition to the layers present in
300a described above, a front side electrode 103 is present which penetrates from the surface
of the front face through the additional front layers 312 and into the front doped layer 105 and

is formed from the electro-conductive paste 313 of figure 3b by firing.

In figures 3b and 3c, the applied electro-conductive paste 313 and the front electrodes 103 are
shown schematically as being present as three bodies. This is purely a schematic way of repre-
senting a non-complete coverage of the front face by the paste/electrodes and the present in-

vention does not limit the paste/electrodes to being present as three bodies.

Figure 4 shows the positioning of cuts 421 relative to finger lines 422 in the wafer 420 for the

test method below to measure specific contact resistance.
Test Methods
The following test methods are used in the present invention. In absence of a test method, the

ISO test method for the feature to be measured being closest to the earliest filing date of the

present application applies. In absence of distinct measuring conditions, standard ambient tem-
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perature and pressure (SATP) as a temperature of 298.15 K (25 °C, 77 °F) and an absolute
pressure of 100 kPa (14.504 psi, 0.986 atm) apply.

Viscosity

Viscosity measurements were performed using the Thermo Fischer Scientific Corp. “Haake
Rheostress 600 equipped with a ground plate MPC60 Ti and a cone plate C 20/0,5° Ti and
software “Haake RheoWin Job Manager 4.30.0”. After setting the distance zero point, a paste
sample sufficient for the measurement was placed on the ground plate. The cone was moved
into the measurement positions with a gap distance of 0.026 mm and excess material was re-
moved using a spatula. The sample was equilibrated to 25 °C for three minutes and the rota-
tional measurement started. The shear rate was increased from 0 to 20 s” within 48 s and 50
equidistant measuring points and further increased to 150 s within 312 s and 156 equidistant
measuring points. After a waiting time of 60 s at a shear rate of 150 s, the shear rate was re-
duced from 150 5™ to 20 s within 312 s and 156 equidistant measuring points and further re-
duced to 0 within 48 s and 50 equidistant measuring points. The micro torque correction, micro
stress control and mass inertia correction were activated. The viscosity is given as the meas-

ured value at a shear rate of 100 s of the downward shear ramp.

Specific Contact Resistance

In an air conditioned room with a temperature of 22 + 1 °C, all equipment and materials are
equilibrated before the measurement. For measuring the specific contact resistance of fired
silver electrodes on the front doped layer of a silicon solar cell a “GP4-Test Pro” equipped
with the “GP-4 Test 1.6.6 Pro” software package from the company GP solar GmbH is used.
This device applies the 4 point measuring principle and estimates the specific contact re-
sistance by the transfer length method (TLM). To measure the specific contact resistance, two
1 cm wide stripes of the wafer are cut perpendicular to the printed finger lines of the wafer as
shown in figure 4. The exact width of each stripe is measured by a micrometer with a precision

0f 0.05 mm. The width of the fired silver fingers is measured on 3 different spots on the stripe
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with a digital microscope “VHX — 600D equipped with a wide-range zoom lens VH-Z100R
from the company Keyence Corp. On each spot, the width is determined ten times by a 2-point
measurement. The finger width value is the average of all 30 measurements. The finger width,
the stripe width and the distance of the printed fingers to each other is used by the software
package to calculate the specific contact resistance. The measuring current is set to 14 mA. A
multi contact measuring head (part no. 04.01.0016) suitable to contact 6 neighboring finger
lines is installed and brought into contact with 6 neighboring fingers. The measurement is per-
formed on 5 spots equally distributed on each stripe. After starting the measurement, the soft-
ware determines the value of the specific contact resistance (mOhm*cm?) for each spot on the

stripes. The average of all ten spots is taken as the value for specific contact resistance.

Sheet Resistance

For measuring the sheet resistance of a doped silicon wafer surface, the device “GP4-Test Pro”
equipped with software package “GP-4 Test 1.6.6 Pro” from the company GP solar GmbH is
used. For the measurement, the 4 point measuring principle is applied. The two outer probes
apply a constant current and two inner probes measure the voltage. The sheet resistance is de-
duced using the Ohmic law in Ohm/square. To determine the average sheet resistance, the
measurement is performed on 25 equally distributed spots of the wafer. In an air conditioned
room with a temperature of 22 = 1 °C, all equipment and materials are equilibrated before the
measurement. To perform the measurement, the “GP-Test.Pro” is equipped with a 4-point
measuring head (part no. 04.01.0018) with sharp tips in order to penetrate the anti-reflection
and/or passivation layers. A current of 10 mA is applied. The measuring head is brought into
contact with the non metalized wafer material and the measurement is started. After measuring
25 equally distributed spots on the wafer, the average sheet resistance is calculated in

Ohm/square.

Efficiency, Fill Factor, Open Circuit Voltage and Series Resistance
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The sample solar cell is characterized using a commercial 1V-tester “cetisPV-CTL1” from
Halm Elektronik GmbH. All parts of the measurement equipment as well as the solar cell to be
tested were maintained at 25 °C during electrical measurement. This temperature is always
measured simultancously on the cell surface during the actual measurement by a temperature
probe. The Xe Arc lamp simulates the sunlight with a known AMI1.5 intensity of 1000 W/m®
on the cell surface. To bring the simulator to this intensity, the lamp is flashed several times
within a short period of time until it reaches a stable level monitored by the “PVCTControl
4.313.0” software of the IV-tester. The Halm IV tester uses a multi-point contact method to
measure current (I) and voltage (V) to determine the cell’s IV-curve. To do so, the solar cell is
placed between the multi-point contact probes in such a way that the probe fingers are in con-
tact with the bus bars of the cell. The numbers of contact probe lines are adjusted to the num-
ber of bus bars on the cell surface. All electrical values were determined directly from this
curve automatically by the implemented software package. As a reference standard a calibrated
solar cell from ISE Freiburg consisting of the same area dimensions, same wafer material and
processed using the same front side layout is tested and the data compared to the certificated
values. At least 5 wafers processed in the very same way are measured and the data interpreted
by calculating the average of each value. The software PVCTControl 4.313.0 provides values

for efficiency, fill factor, short circuit current, series resistance and open circuit voltage.

Particle Size

A typically method to determine d;o, dog and dsg is for example described in DIN EN 725-5.

Glass Transition Temperature (T,)

T, 1s determined by Differential Scanning Calorimetry DSC (measuring heat capacity).

Dopant Level
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Dopant levels are measured using secondary ion mass spectroscopy. The secondary ion mass
spectrometry is an established material analysis technique for generating concentration depth
profiles of elements. Investigations close to the surface set a typical range of 5 nm to 20 pum.
The sample of interest is sputtered with a beam of primary ions. Secondary ions formed during
the sputtering process are extracted and analyzed using a mass spectrometer.

Details on the measurement technique and its standardized use can be found in SEMI standard
PV25-1011 — “Secondary lon Mass Spectrometry (SIMS) Standard Test Method for Photovol-
taic Application” (version of August 22" 2014).

The term “surface density” as it is used in this patent refers to the arithmetic average of all
measurement points within the crystalline silicon phase, which lay in a distance to the surface

of not more than 20 nm.

Temperature profile in the firing furnace

The temperature profile for the firing process was measured with a Datapaq DQ 1860 A data-
logger from Datapaq Ltd., Cambridge, UK connected to a Wafer Test Assembly 1-T/C 156mm
SQ from Despatch (part no. DES-300038). The data logger is protected by a shielding box
TB7250 from Datapaq Ltd., Cambridge, UK and connected to the thermocouple wires of the
Wafer Test Assembly. The solar cell simulator was placed onto the belt of the firing furnace
directly behind the last wafer so that the measured temperature profile of the firing process was
measured accurately. The shielded data logger followed the Wafer Test assembly at a distance
of about 50 cm to not affect the temperature profile stability. The data was recorded by data
logger and subsequently analysed using a computer with Datapaq Insight Reflow Tracker

V7.05 software from Datapaq Ltd., Cambridge, UK.

Examples

The present invention is now explained by means of examples which are intended for illustra-

tion only and are not to be considered as limiting the scope of the present invention.
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A paste was made by mixing, by means of a Kenwood Major Titanium mixer, the appropriate

amounts of organic vehicle (Table 1), Ag powder (PV 4 from Ames Inc. with a dsg of 2 um),

glass frit ground to dso of 1.5 um, a metal compound according to the specific example. The

paste was passed through a 3-roll mill Exact 80 E with stainless steel rolls with a first gap of

120 um and a second gap of 60 um with progressively decreasing gaps to 20 um for the first

gap and 10 um for the second gap several times until homogeneity. The viscosity was meas-

ured as mentioned above and appropriate amounts of organic vehicle with the composition

given in Table 1 were added to adjust the paste viscosity toward a target in a range from about

16 to about 20 Pas. The wt. %s of the constituents of the paste are given in Table 2.

Table 1 - Constituents of organic vehicle

Organic Vehicle Component

Proportion of component

2-(2-butoxyethoxy)ethanol) [solvent] 84
ethyl cellulose (DOW Ethocel 4) [binder] | 6
Thixcin® E [thixotropic agent] 10
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Table 2 - Constituents of the paste
paste Ag Glass | metal | Organic met- Silver Organic | Organic
powder | frit oxide | al oxide (wt. | metal ox- metal vehicle
(wt. %) | (Wt. (wt. %) ide compound | (wt. %)
%) %)
1 (inventive) 86 3.5 - 0.5 wt. % - - - 10
MoO,(acac),
2 (inventive) 86 3.5 - 0.5 wt. % - - - 10
WO,(acac);
3 (inventive) 86 3.5 - 0.5 wt. % - - - 10
VO(acac),
4 (inventive) 86 3.5 | 0.5wt. - - - 10
0 -
MoOs
5 (inventive) 86 3.5 | 0.5wt. - - - 10
0 -
WO;
6 (inventive) 86 3.5 | 0.5wt. - - - 10
0 -
GeO,
7 (inventive) 86 3.5 | 0.5wt. - - - 10
0 -
As,0s5
8 (inventive) 86 3.5 | 0.5wt. - - - 10
0 -
Sb,03
9 (inventive) 86 3.5 | 0.5wt. - - - 10
0 -
Nb,Os
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10 (in- 86 3.5 ] 0.5 wt. - - 10
ventive) % -

Ta,0s
11 (in- 86 3.5 - 0.5 wt. % - - 10
ventive) AgoMoOy
12 (in- 86 3.5 - 0.5 wt. % - - 10
ventive) AgoWO,
13 (in- 86 3.5 - 0.5 wt. % - - 10
ventive) AgrGeOy
14 (in- 86 3.5 - 0.5 wt. % - - 10
ventive) AgsPb,0s
15 (in- 86 3.5 - 0.5 wt. % - - 10
ventive) AgzAsOy
16 (in- 86 3.5 - 0.5 wt. % - - 10
ventive) AgSbO;
17 (in- 86 3.5 - 0.5 wt. % - - 10
ventive) AgySeOy
18 (in- 86 3.5 - 0.5 wt. % - - 10
ventive) AgrTeOs
19 (in- 86 3.5 - 0.5 wt. % - - 10
ventive) AgTaO;
20 (in- 86 3.5 - 0.5 wt. % - - 10
ventive) AgNbO3
21 (in- 86 3.5 - 0.5 wt. % - - 10
ventive) AgVO;
22 (in- 86 3.5 - 0.5 wt. % - - 10
ventive) AgCrO;
23 (in- 86 3.5 - - 0.5 wt. % 10
ventive) -
Mo(acac);
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24 (in- 86 3.5 - - - 0.5 wt. % 10
ventive) - V(acac);
25 (in- 86 3.5 - - - 0.5 wt. % 10
ventive) -

Pb(acac),
26 (in- 86 3.5 - - - 0.5 wt. % 10
ventive) -

Cr(acac)s
27 (compara- 86 3.5 - - - - 10.5
tive)

Solar cell preparation and measurements

Pastes were applied to full square mono-crystalline p-type wafers with an n-type doped emitter
with a surface doping concentration of 5*10" cm™ or 2%¥10%° cm™ or 3*10%° cm™ and a sheet
resistance of 60 Ohm/square or 120 Ohm/square respectively. The wafer dimensions were
156x156mm, the front side had a textured surface applied by an alkaline etching process. The
front side was also coated with a 70nm thick PECVD (plasma enhanced chemical vapour dep-
osition) SiNx passivation and anti-reflective layer, commercially available from Fraunhofer
ISE. The example paste was screen-printed onto the illuminated (front) face of the wafer using
a ASYS Automatisierungssysteme GmbH Ekra E2 screen printer and a standard H-pattern
screen from Koenen GmbH. The screen had 76 finger lines with 50 um openings and three
1.5mm wide Busbars. The Emulsion over mesh was in the range from 16 to 20 um, the screen
had 300 mesh and 20 um stainless steel wire. The printing parameters were 1.2 bar squeegee
pressure, forward squeegee speed 150mm/s and flooding speed 200 mm/s. A commercially
available Al paste, Gigasolar 136 from Giga Solar Materials Corp., was printed on the non-
illuminated (back) face of the device. The device with the printed patterns on both sides was
then dried in an oven for 10 minutes at 150°C. The substrates were then fired sun-side up with
a Centrotherm Cell & Module GmbH c-fire fast firing furnace. The furnace consists of 6
zones. Zone 1 was set to 350°C, zone 2 to 475°C, zone 3 to 470°C, zone 4 to 540°C, zone 5 to
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840°C and zone 6 to 880°C. The belt speed was set to 5100mm/min. The fully processed sam-

ples were then tested for contact resistance using the above mentioned method, shown in Table

3.
Table 3
Example | Paste | Metal com- Front dopant | Sheet resistance | Cell effi- | Contact
pound concentration | [Ohm/square] ciency [resistance
[em™]
la 1 MoO,(acac), 5%10" 120 +++ +++
1b 1 MoOs(acac), 5%10" 60 ++ ++
lc 1 MoOs(acac), 2%10% 60 + +
1d 1 MoOs(acac), 3%10%° 60 + +
2a 2 WO,(acac), 5%10" 120 ot ot
2b 2 WO,(acac), 5%10" 60 ++ ++
2¢ 2 WO,(acac), 2%10% 60 + +
2d 2 WO,(acac), 3%10%° 60 + +
4a 4 MoO; 5%10" 120 ++ ++
4b 4 MoO; 5%10" 60 ++ ++
4c 4 MoO; 2%10% 60 + +
4d 4 MoO; 3%10” 60 + +
Sa 5 WO; 5%10" 120 e e
5b 5 WOs; 5%10" 60 + ++
5¢ 5 WO; 2%10% 60 + +
5d 5 WOs; 3%10” 60 + +
Example Paste | Metal com- | Front dopant Sheet re- Cell effi- | Contact
pound concentration sistance ciency | resistance
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[cm™] [Ohm/square]
lla 11 Ag:Mo0Oy 5%10" 120 ++ -
11b 11 AgrMoO, 5%10" 60 ot I
l1c 11 Ag,MoO, 2%10% 60 + +
11d 11 Ag,MoO, 3%107 60 + +
122 12 Ag; WO, 5%10" 120 et et
12b 12 Ag; WO, 5%10" 60 + +
12¢ 12 Ag, WO, 2%10%° 60 + n
12d 12 Ag, WO, 3%10%° 60 n n
27a 26 - 5%10" 120
27b 26 - 5%10" 60 - _
27¢ 26 - 2%10%° 60 _ _
27d 26 - 3%107 60 - -
- =poor, -- = poorer, --- = poorest, + = good, ++ = better, +++ = best
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CLAIMS

. A precursor comprising the following precursor constituents:

a. An Si wafer having a surface with a dopant concentration in the range from
about 2*10'® to about 1.5%10%° cm™;
b. An electro-conductive paste superimposed over the surface, wherein the electro-
conductive paste comprises the following paste constituents:
1. Silver particles at least about 70 wt. % based on the total weight of the
paste;
ii. Inorganic reaction system;
iii. A metal compound comprising a metal M;

iv. Organic vehicle.

The precursor according to claim 1, wherein the metal compound is one or more select-
ed from the group consisting of: a metal oxide, an organic metal compound, an organic

metal oxide and a silver metal oxide.

The precursor according to claim 1 or 2, wherein the metal M is one or more selected

from the group consisting of: Ge, Pb, As, Sb, Se, Bi, Te, Nb, Ta, Cr, Mo, W and V.

The precursor according to any of the preceding claims, wherein the metal compound

comprises a chelating ligand with two or more coordinating sites.

The precursor according to claim 4, wherein the chelating ligand comprises an atom se-

lected form the group consisting of: O, S, N, P or at least two thereof.

The precursor according to any of the preceding claims, wherein the metal compound

comprises one or more acac moieties.

The precursor according to any of preceding claims, wherein the metal compound has

the formula ML3, MOL,, or MO,L, wherein M is a metal and L is a chelating ligand.
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10.

11.

12.

13.

14.

15.

The precursor according to any of the preceding claims, wherein the metal compound is
one or more selected from the group consisting of: V(acac);, WO,(acac),,

MoO,(acac),, VO(acac),.

. The precursor according to any of the preceding claims, wherein the metal compound

has the general form Ag,M,0,, wherein:

M stands for a metal, and wherein M is not Ag;
x stands for an integer in the range from 1 to 3;
y stands for an integer in the range from 1 to 2;

z stands for an integer in the range from 3 to 6.

The precursor according to any of the preceding claims, wherein the metal compound is

one or more selected from the group consisting of: AgVOs, AgaMoQO4, Ag, WO,.

The precursor according to any of the preceding claims, wherein the sheet resistivity of

the surface is above about 60 Ohm/square.

The precursor according to any of the preceding claims, wherein the surface is n-type

doped.
The precursor according to any of the preceding claims, wherein the inorganic reaction
system is present in the range from about 0.01 to about 7 wt. % based on the total
weight of the paste.
A process for the preparation of a solar cell comprising the steps of:

a. Providing a precursor according to any of the preceding claims;

b. Firing the precursor to obtain the solar cell.

A solar cell obtainable by a process according to claim 14.
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16. A module comprising 2 or more solar cells, at least one of which is according to

claim 15.
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