wo 2015/084801 A2 || NP0 0O OO A

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

11 June 2015 (11.06.2015)

WIPOIPCT

(10) International Publication Number

WO 2015/084801 A2

(51

eay)

(22)

(25)
(26)
(30)

1

(72

74

International Patent Classification:
HOIL 31/0224 (2006.01)  C09D 5/24 (2006.01)

International Application Number:
PCT/US2014/068085

International Filing Date:
2 December 2014 (02.12.2014)

Filing Language: English
Publication Language: English
Priority Data:

61/911,026 3 December 2013 (03.12.2013) US

Applicant: E. I. DU PONT DE NEMOURS AND COM-
PANY [US/US]; 1007 Market Street, Wilmington,
Delaware 19898 (US).

Inventors: TORARDI, Carmine; 24 West Dale Road,
Wilmington, Delaware 19810 (US). VERNOOY, Paul
Douglas; 429 Dogwood Drive, Hockessin, Delaware
19707 (US).

Agents: FISH, Gordon E. et al.; E. . du Pont de Nemours
and Company, Legal Patent Records Center, Chestnut Run
Plaza 721/2640, 974 Centre Road, PO Box 2915 Wilming-
ton, Delaware 19805 (US).

(8D

(84)

Designated States (uniess otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME, MG,
MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,
SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,
TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,
SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
GW, KM, ML, MR, NE, SN, TD, TG).

Published:

without international search report and to be republished
upon receipt of that report (Rule 48.2(g))

(54) Title: CONDUCTIVE PASTE COMPOSITION AND SEMICONDUCTOR DEVICES MADE THEREWITH

(57) Abstract: A conductive paste composition contains a source of an electrically conductive metal, an alkaline-earth-metal boron
bismuth oxide, and an organic vehicle. An article such as a high-efficiency photovoltaic cell is formed by a process of deposition of
the paste composition on a semiconductor substrate (e.g., by screen printing) and firing the paste to remove the organic vehicle and
sinter the metal and alkaline-earth-metal boron bismuth oxide.



WO 2015/084801 PCT/US2014/068085

10

e

[N~
(3]

TITLE
CONDRUCTIVE PASTE COMPOSITION AND SEMICONDUCTOR DEVICES
MADE THEREWITH

This application claims benefit of U.&. Provisional Patent Application
Serial No. 61/011028, filed December 3, 2013 and entitled “Conductive Paste
Composition and Semiconductor Devices Made Therewith,” which is

incorporated herein in it entirety by reference thereto.

FIELD OF THE INVENTION

The present invention relates {o a conductive paste composition that is

useful in the construction of a variely of electrical and electronic devices, and
more particularly (o a paste composition useful in creating conductive

structures, including front-side electrodes for photovoltaic devices.

TECHNICAL BACKGROUND OF THE INVENTION
A conventional photovoltaic cell incorporates a semiconductor

structure with a junction, such as a p-n junction formed with an n-type
semiconductor and a p-type semiconductor. For the typical p-base
configuration, a negative elecirode is located on the side of the cell thatis o
be exposed {o a light source (the “front” side, which in the case of a solar cell
is the side exposed to sunlight), and a positive electrode is located on the
other side of the cell {the “back” side). Radiation of an appropriate
wavelength, such as sunlighi, falling on the p-n junction serves as a source of
external energy that generates electron-hole pair charge carriers. These
electron-hole pair charge carriers migrate in the electric field generated by the
p-n junction and are collected by electrodes on respective surfaces of the
semiconductor. The cell is thus adapted to supply electric current {o an
electrical ioad connected to the electrodes, thereby providing electrical

energy converted from the incoming solar energy that can do useful work.
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Solar-powered photovoltaic systems are considered {0 be environmentally
beneficial in that they reduce the need for fossil fuels used in conventional
electric power plants.

Industrial photovoltaic cells are commonly provided inthe form of a
structure, such as one based on a doped crysialline silicon wafer, that has
been metalized, L.a., provided with electrodes in the form of eleclrically
conductive metal contacts through which the generated current can flow to an
external electrical circuit toad. Most commonly, these electrodes are provided
on opposite sides of a generally planar cell structure. Conventionally, they are
produced by applying suitable conductive metal pastes to the respective
surfaces of the semiconducior body and thergafter firing the pastes.

Photovoltaic cells are commaonly fabricated with an insulating layer on
their front side to afford an anti-reflective property that maximizes the
utilization of incident light. However, in this configuration, the insulating layer
normally must be removed to allow an overlaid front-side electrode to make
cortact with the underlying semiconductor surface. The front-side conductive
metal paste typically includes a glass frit and a conductive species (e.9.,
silver particles) carried in an organic medium that functions as a vehicle for
printing. The electrode may be formed by depositing the paste composition in
a suitable pattern {for instance, by screen printing) and thereatter firing the
paste composition and substrate {o dissolve or otherwise penelrate the
insulating anti-reflective laver and sinter the metal powder, such that an
electrical connection with the semiconductor structure is formed.

The ability of the paste composition {0 penelrate or etch through the
anti-reflective layer and form a strong adhesive bond with the substrate upon
firing is highly dependent on the compgosition of the conductive pasie and the
firing conditions. Key measures of photovoltaic cell electrical performance,
such as efficiency, are aiso influenced by the quality of the electrical contact
made between the fired conductive paste and the substrate.

Although various methods and compositions useful in forming devices

such as photovoliaic cells are known, there nevertheless remaing a need for
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compositions that permit fabrication of patterned conductive structures that
provide improved overall device electrical performance and that faciiitate the

gfficient manufacture of such devices.

SUMMARY OF THE INVENTION

An embodiment of the invention relales {0 a paste compaosition

comprising:

(a} a source of electrically conductive metal;

{b} an alkaline-earth-metal boron bismuth oxide; and

(¢} an organic vehicle, in which the source of electrically conductive

metal and the oxide are dispersed.

in certain embodirments, the alkaline-earth-metal boron bismuth oxide

further comprizes an oxide of an additional cation, including, without limitation,
an oxide of any one or more of Al, Li, Na, K, Rb, Cs, Ti, V, Cr, Mn, Fe, Co, Ni,
Cu, Zn, Zr, Nb, Si, Mo, W, Hf, Ag, Ga, Ge, In, &n, Sb, Sg, Ru, P, Y, La and
the other lanthanide elements, and mixtures thereof, or substances that form
such oxides during heating. Other embodiments of the paste composition
further comprise one or more digscrete oxide additives, including, without
Himitation, oxides of Al, Li, Na, K, Rb, Cs, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, £r,
Nb, Si, Mo, W, Hf, Ag, Ga, Ge, In, 3n, Sb, Se, Ry, Bi, Ba, Ca, 8r, Mg, B, P, Y,
La or the other lanthanide elements, or mixtures thereof, or a3 compound of
one or more of the above elements which form an oxide upon firing.

Another aspect provides a process for forming an electrically

conductive structure on a subsirate, the process comprising:

(a}) providing a substrate having a first major surface;

{b} applying a paste composition onto a preselected portion of the first
major surface, wherein the paste composition comprises in
admixture:

i} a source of electrically conductive metal,

i) an alkaling-earth-metal boron bismuth oxide, and
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Hi} an organic vehicle, in which the source of electrically
conductive metal and the oxide are dispersed; and

{¢} firing the substrate and paste composition thereon, whereby the

electrically conductive structure is formed on the substrate.

In a further implementation, the substrale includes an anti-reflective
layer on its surface, and the firing results in the paste at least partially etching
ihrough the anti-reflective layer, such that electrical contact between the
conductive structure and the substrate is established.

Further, there is provided an article comprising a substrate and an
electrically conductive structure thereon, the article having been formed by
ihe foregoing process. Representative articles of this type include a
semiconductor device and a photoveltaic cell. In an embodiment, the

substrate comprises a silicon wafer.

BRIEF DESCRIPTION OF THE DRAWINGS

The invention will be more fully understood and further advantages will

become apparent when reference is made to the following detailed
description of the preferred embodiments of the invention and the
accompanying drawings, wherein like reference numerals denote similar
elements throughout the several views and in which:

FIGS. 1A-1F depict successive steps of a process by which a
semiconductor device may be fabricated. The device in turn may be
incorporated into a photovoltaic cell. Reference numerals as used in FIGS.
1A-1F include the Tollowing:

10 p-type substrate

12: first major surface (front side) of substrate 10

14: second major surface (back side) of substrate 10

20 n-type diffusion layer

30: insulating layer

40 p+ layer

80: aluminum paste formed on back side

4
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81: aluminum back electrode {(obtained by firing back-side aluminum
pasie}

70: silver or silver/aluminum paste formed on back side

71: silver or silver/aluminum back slectrode {(obtained by firing back-
side pastie)

500: conductive paste formed on front side according to the invention

501: conductive front electrode according o the invention (formed by

firing front-side conductive paste)

DETAILED DESCRIPTION OF THE INVENTION

The present invention addresses the need for a process o

manufacture high performance semiconductor devices having meachanically
robust, high conductivity electrodes. The conduclive paste composition
provided herein is beneficially employed in the fabrication of front-side
electrodes of photovoltaic devices. ideally, a paste composition promaotes the
formation of a front-side metallization that: (&) adheres strongly {0 the
underlying semiconductor substrate; and (b) provides a relatively low
resistance contact with the substrate. Suitable paste compositions are
believed to aid in etching surface insulating layers often employed in
semiconductor structures such as photovoliaic cells to aliow contact between
the conductive elecirodes and the underlying semiconductor.

In an aspect, this invention provides a paste composition that
comprises: a functional conductive componeni, such as a source of
electrically conductive metal; an alkaline-earth-metal boron bismuth oxide; an
optional discrete inorganic additive; and an organic vehicle. Certain
embodiments involve a photovoltaic cell that includes a conductive structure
made with the present paste compaosition. Such celis may provide any
combination of one or more of high photovoltaic conversion efficiency, high fill
factor, and low series resistance.

In various embodiments, the present paste composition may comprise,

in admixture, an inorganic solids portion comprising (a) about 75% to about

5
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89.5% by weight, or about 80 to about 99% by weight, or about 85 to about
99% by weight, of a scurce of an electrically conductive metal; (b) about 0.5%
o about 15% by weight, or about 0.5% 10 about 8% by weight, or about 2% (o
about 8% by weight, or about 0.5 to about 5% by weight, or about 1 to about
3% by weight, of an alkaline-earth-metal boron bismuth oxide material,
wherein the above stated contents of constituents (a) and (b) are based on
the total weight of all the constituents of the inorganic solids portion of the
compaosition, apart from the organic medium.

As further described below, the paste composition further comprises
an organic vehicle, which acts as a carrier for the inorganic constituenis,
which are dispersed therein. The paste compaosition may include still
additional components such as surfactants, thickeners, thixetropes, and
binders.

Typically, electrodes and other conductive traces are provided by
screen printing the paste composition onio a substrate, although other forms
of printing, such as piating, extrusion, inkjel, shaped or multiple printing, or
ribbons may also be used. After deposition, the composition, which typically
comprises a conductive metal powder (e.g., Ag), a Trit, and optional inorganic
additives in an organic carrier, is fired at an elevated temperature.

The composition also can be used to form conductive fraces, such as
those employed in a semiconductor module that is o be incorporated into an
electrical or electronic device. As would be recognized by a skilled artisan,
the paste composition described herein can be termed “conductive,” meaning
that the composition can be formed into a structure and thereafter processed
{0 exhibit an electrical conductivity sufficient for conducting electrical current

between devices or circuitry connected thereto,

R Inorganic Components

An embodiment of the present invention relales o a paste
cormposition, which may include: an inorganic solids portion comprising a

functional material providing electrical conductivity, an alkaline-earth-metal

6
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boron bismuth oxide fusible material; and an organic vehicle in which the
ingrganic solids are dispersed. The paste composition may further include
additional componenis such as surfactants, thickeners, thixotropes, and

binders.

A Electrically Conductive Metal

The present paste composition includes a source of an electrically
conductive metal. Exemplary metals include without limitation silver, gold,
copper, nickel, palladium, platinum, aluminum, and alloys and mixtures
thereof. Silver is preferred for its processability and high conductivity.
However, a compaosition including at least some non-precious metal may be
used to reduce cost.

The conductive metal may be incorporated directly in the present pasle
composition as a metal powder. In ancther embodiment, a mixiure of two or
more such metals is direclly incorporaied. Alternatively, the melal is supplied
by a metal oxide or salt that decomposes upon exposure to the heat of firing
o form the metal. As used herein, the term “silver” is to be understood a3
referring to elemental silver metal, alloys of silver, and mixtures thereof, and
may further include silver derived from silver oxide (AgO or AgQO) or silver
salts such as AgCl, AgNG,, AgOOCCH; {silver acetate), AgOOCHE; (silver
irifluorcacetate}, AgsPO, (silver orthophosphate), or mixtures thereof. Any
other form of conductive metal compatible with the other components of the
paste composition also may be used.

Electrically conductive metal powder used in the present paste
compgosition may be supplied as finely divided particles having any one or
maore of the following morphologies: a powder form, a flake form, a spherical
form, a rod form, a granular form, a nodular form, a crystalline form, other
irregular forms, or mixtures thereof. The electrically conductive metal or
source thereof may aiso be provided in a colloidal suspension, in which case
the colloidal carrier would not be included in any calculation of weight

percentages of the solids of which the colloidal material s part.

7
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The particle size of the metal is not subject to any particular limitation.
As used herein, “particle size” is intended o refer to “median particle size” or
dso, by which is meant the 50% volume distribution size. The distribution may
also be characterized by dgo, meaning that 80% by volume of the particles are
smaller than dus. Volumae distribution size may be determined by a number of
methods understood by one of skill in the arl, including but not limited to laser
diffraction and dispersion methods employed by a Microtrac particle size
analyzer (Montgomeryville, PA). Laser light scatlering, e.g., using a model
LA-210 particle size analyzer available commercially from Horiba Instruments
Inc. (Irvine, CA}, may also be used. In various embodiments, the median
particle size is grealer than 0.2 pm and less than 10 um, or the median
particle size is greater than 0.4 ym and less than 5 um, as measured using
the Horiba LA-810 analyzer.

The elecirically conductive metal may comprise any of a variety of
percentages of the compaosition of the paste composition. To attain high
conductivity in a finished conductive siruclure, it is generally preferable to
have the concentration of the electrically conductive metal be as high as
possible while maintaining other required characteristics of the paste
composition that relate o either processing or final use. In an embodiment,
the silver or other elsctrically conductive metal may comprise about 75% o
about 98.5% by weight, or about 85 {o about 88.5% by weight, or about 85 1o
about 99% by weight, of the inorganic solid components of the paste
compaosition. In another embodiment, the solids portion of the paste
composition may include about 80 to about 80 wt.% silver particles and about
1 1o about 2@ wt.% silver flakes. In an embaodiment, the solids portion of the
paste compaosition may include about 70 o about 80 wt.% silver particles and
about 1 to about 8 wi. % silver flakes. In another embodiment, the solids
portion of the paste composition may include about 70 to about 90 wi. % silver
flakes and about 1 to abhout 9 wt.% of colloidal silver. In a further embaodiment,

the solids portion of the paste composition may include about 60 to about 20
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wt.% of silver particles or silver flakes and about 0.1 to about 20 wi.% of
colloidal silver.

The electrically conductive metal used herein, particularly when in
powder form, may be coated or uncoated; for example, it may be at least
partially coated with a surfactant to facilitate processing. Suitable coating
surfactants include, for example, stearic acid, palmitic acid, a salt of stearate,
a salt of palmitate, and mixtures thereof. Other surfactants that also may be
utilized include lauric acid, oleic acid, capric acid, myristic acid, linoleic acid,
and mixtures thereof. Still other surfactants that also may be ulilized include
polyethyiene oxide, polyethylens glycol, benzotriazole, poly{ethylene
glycobacetic acid, and other similar organic molecules. Suitable counter-ions
for use in a coaling surfactant include without imitation hydrogen,
ammonium, sodium, potassium, and mixtures thereof. When the sleclirically
conductive metal is silver, it may be coated, for example, with a phosphorus-
containing compound.

in an embodiment, one or more surfactants may be included in the
organic vehicle in addition to any surfactant included as a coating of
conductive metal powder used in the present paste composition.

As further described below, the electrically conductive metal can be
dispersed in an organic vehicle that acts as a carrier for the metal phase and

other congtituents present in the formulation.

B. Alkaline-earth-metal boron bismuth oxide

The present paste composition includes a fusible alkaling-earth-metal
boron bismuth oxide. The term "fusible,” as used herein, refers to the ability of
a material to become fluid upon heating, such as the healing employed in a
firing operation. In some embodiments, the fusible material is composed of
one or more fusible subcomponents. For example, the fusible material may
comprise a glass material, or a mbiture of two or more glass materials. Glass

material in the form of a fine powder, &.9., as the result of a comminution
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operation, is often termed "Irit” and is readily incorporated in the present
paste composition.

As used herein, the term “glass” refers to a particulate solid form, such
as an oxide or oxyfluoride, that is at least predominantly amorphous, meaning
that short-range atomic order is preserved in the immediate vicinity of any
selected atorn, that is, in the first coordination shell, but dissipates at greater
atomic-level distances (l.e., there is no long-range periodic order). Hence, the
X-ray diffraction pattern of a fully amorphous material exhibiis broad, diffuse
peaks, and not the well-defined, narrow peaks of a crystalling material. In the
latier, the regular spacing of characteristic crystaliographic planes give rise (o
the narrow peaks, whose position in reciprocal space is in accordance with
Bragg's law. A glass material aiso does not show a substantial crystallization
exotherm upon heating close o or above its glass transition temperature or
softening point, Ty, which is defined as the second transition point seenina
differential thermai analysis (DTA) scan. In an embodiment, the softening
point of glass material used in the present paste composition is in the range
of 300 to 800°C.

it is also contemplated that some or all of the alkaline-earth-metal
boron bismuth oxide material may be composed of material that exhibits
some degree of crystaliinity. For example, in some embodiments, a plurality
of oxides are melted together and guenched as set forth above, resulling in a
material that is partially amorphous and partially crystalline. As would be
recognized by a skilled person, such a material would produce an X-ray
diffraction pattern having narrow, crystaliine peaks superimposed on 2 pattern
with broad, diffuse peaks. Alternatively, one or more conslituents, or even
substantially all of the fusible material, may be predominantly or even
substantially fully crystalline. In an embodiment, crystaliine material useful in
the fusible material of the present paste composition may have a meiling
point of at most 800°C.

The fusible material used in the present paste compaosition is an

alkaline-earth-metal boron bismuth oxide. As used herein, the term “alkaline-
10
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earth-metal boron bismuth oxide” refers to an oxide material containing
alkaline-earth metal, boron, and bismuth cations that together comprise at
teast 75% of the cations present in the material, and wherein the minimum
content of alkaline-earth metal, boron, and bismuth cations is at least 10, 14,
and 10 cation%, respectively. In various embodiments, the combination of
alkaline-earth metal, boron, and bismuth cations represents at least 75%,
80%, 90%, 95%, or up to 100% of the cations in the alkaline-earth metal
boron oxide. The alkaline-earth metals useful in the present paste
compaosition are Mg, Ca, &r, Ba, and mixiures thereof,

The slkaling-earth-metal boron bismuth oxide used in the present
paste composition is described herein as including percentages of certain
componeants. Specifically, the composition may be specified by denominating
individual components that may be combingd in the specified percentages to
form a starting material that subseguently is processed, .¢., as described
herein, to form a glass or other fusible material. Such nomenclature is
conventional to one of skill in the art. In other words, the composition contains
certain components, and the percentages of those components may be
expressed as weight percentages of the corresponding oxide or other forms.

Alternatively, some of the compositions herein are set forth by cation
percentages, which are based on the total cations contained in the alkaline-
garth-metal boron bismuth oxide. Of course, compositions thus specified
include the oxygen or other anions associated with the various cations. A
skilled person would recognize that compositions could eguivalently be
specified by weight percentages of the constituents, and would be able to
perform the reguired numerical conversions. The skilled person would also
recognize that some of the catlions incorporated in the present composition
can exist in different valences. Compounds used to formulate the composition
thus may have such cations in any convenient valence.

The alkaline-sarth-metal boron bismuth oxide included in the present
paste composition optionally incorporates other oxides, including oxides of
one or more of the elements Al Li, Na, K, Rb, Cs, Ti, V, Cr, Mn, Fe, Co, Ni,

11
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Cu, £n, Zr, Nb, 3i, Mo, W, Hi, Ag, Ga, Ge, In, &n, Sb, Se, Ry, P, Y, La and
the other lanthanide elements, and mixtures thereof. (The term "lanthanide
elements” is understood to include the chemical elemenis of the pericdic
table having atomic numbers of 57 through 71, Le., La - Lu.) This listis
meant {¢ be illustrative, not limiting. In ancther embodiment, the alkaline-
earth-metal boron bismuth oxide further comprises an oxide of one or more of
the elemenis Li, P, Ti, Zn, 8i, or Ag. The foregoing substances are intimately
mixed at an atomic level in the alkaline-earth-metal boron bismuth oxide, e.g.,
by melting the substances (ogether. In some embodiments, the amount of
these other oxides incorporated is such that the {olal cation percentage of
them in the alkaling-earth-metal boron bismuth oxide is up to 5, 10, 20, or
25%.

Although oxygen is typically the predominant anion in the alkaline-
earth-metal boron bismuth oxide of the present paste composition, some
portion of the oxygen may be replaced by fluorine or other halogen anions to
alter certain properties, such as chemical, thermal, or rheological properties
of the oxide that affect firing. In an embodiment, up to 10% of the oxygen
anions of the alkaline-earth-metal boron bismuth oxide in any of the
formulations of the present paste composition are replaced by one or more
halogen anions, including fluorine. For exampile, up to 10% of the oxygen
anions may be replaced by flucrine. Halogen anions may be supplied from
halides of any of the composition’s cations, including, but not limited to, NaCl,
KBr, Nal, LiF, Calz, Mgk, BaCly, and BiFs. In an embodiment, up to 10 anion
percent of these oxygen anions can be substituted by halogens, including
fluorine. In ancther embodiment, the replacement of oxygen may provide a
contentof up to 5wt % F, Ci, or Br.

For example, one of ordinary skill would recognize that embodiments
wherein the alkaline-earth-metal boron bismuth oxide contains fluoring can be
prepared using fluorine anions supplied from a simple fluoride or an
oxyfluoride. In an embodiment, the desired fluorine content can be supplied

by replacing some or all of an oxide nominally incorporated in the compaosition

12
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with the corresponding flucride of the same cation, such as by replacing
some or all of the Mg, Ca0, 5r0, or BaO nominally included with the
amount of Mgl,, Cakg, Srk;, or Bak; needed o attain the desired level of F
content. Of course, the requisite amount of F can be derived by replacing the
oxides of more than one cation of the alkaline-sarth-metal boron bismuth
oxide if desired. Other fluoride sources could also be used, including sources
such as ammonium fluoride that would decompose during the heating in
typical glass preparation to leave behind residual fluoride anions. Useful
fluorides include, but are not imited to, CalF., BiFy, AlF;, NaF, LiF, ZrF4, TiF,,
and ZnkF,.

The present paste composition may further comprise an oplional
discrete oxide additive. it is contemplated that the additive may comprise an
oxide of one element, two or more discrete oxides of various elements, or a
discrete mixed oxide of mulliple elemenis. As used herein, the term “oxide of
an element” includes both the oxide compound itself and any other organic or
inorganic compound of the element, or the pure element itsell if it oxidizes or
decomposes on heating to form the pertinent oxide. Such compounds known
to decompose upon heating include, but are not limited {o, carbonates,
nitrates, nitrites, hydroxides, acelates, formates, citrates, and soaps of the
foregoing elements, and mixiures thereof. For example, Zn metal, zinc
acetate, zinc carbonate, and zinc methoxide are potential additives that would
oxidize or decompose to form zing oxide upon firing. The oxide additive is
discrete, in that itis not mixed at an atomic level with the base alkaline-sarth
metal boron oxide, but is separaiely present in the paste composition. In an
embodiment, the discrete oxide additive may be present in the paste
composition in an amount ranging from 0.01 to 5 wi.%, or 3.05 10 2.5 wi.%, or
0.1 to 1 wt.%, based on the fotal weight of the paste composition.

Although in some embodiments the present composition (including the
fusible material contained therein} may contain a small amount of lead, lead
oxide, or other lead compound, e.¢., in an amount up to 5 cation% in the

atkaline-sarth-metal boron bismuth oxide, other embodiments are lead-free.

13
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As used herein, the term “lead-free paste composition” refers to a paste
compgosition {o which no lead has been specifically added {either as
elemental lead or as a lead-containing alloy, compound, or other like
substance}, and in which the amount of lead present as a trace component or
impurity is 1000 parts per million (ppm) or less. In some embodiments, the
amount of lead present as a trace component or impurity is less than 500
ppm, or less than 300 ppm, or less than 100 ppm. Surprisingly and
unexpectedly, photovoltaic cells exhibiting desirable electrical properties,
such as high conversion efficiency, are obtained in some embodiments of the
present disclosure, notwithstanding previcus belief in the art that substantial
amounts of lead must be included in a paste composition to altain these
levels.

Similarly, some embodiments of the present pasie composition
comprise cadmium, £.¢., in an amount up to 5 cation% in the alkaline-garth-
metal boron bismuth oxide, while others are cadmium-free, again meaning
that no Cd metal or compound is specifically added and that the amount
present as a trace impurity is less than 1000 ppm, 500 ppm, 300 ppm, or 100
pp.

in various embodiments, the alkaline-earth-metal boron bismuth oxide
of the present paste composition comprises, or consists essentially of:

10 to 40, or 10 {0 35, or 12 to 30 cation% of an alkaline earth metal
selected from the group of Mg, Ca, Ba, Sr, and mixtures thereof;

14 to 65, or 25 {0 65, or 30 to 60 cation% of B; and

10 10 60, or 12 fo 55, or 15 to 50 cation% of Bi.

in other embodiments, the alkaling-earth-metal boron bismuth oxide of
the present paste composition comprises, or congisis essentially of:

10 10 40, or 10 {0 35, or 12 to 30 cation% of alkaline earth metal
selected from the group of Mg, Ca, Ba, Sr, and mixiures thereof;

14 10 65, or 25 10 65, or 30 o 80 cation% of B;

1010 80, or 12 fo 55, or 15 {0 50 cation% of Bi;

O to 15, or 0 fo 10, or 0 to 5 cation% of L;
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Oto 15, or 0 to 10, or G to 5 cation% of Na;

010 15, or 0 to 10, or 0 10 7 cation% of Si;

Oto 15, or 0 to 10, or § to 8 cation% of P

01020, or 0 to 15, or 0 1o 10 cation% of Zn; and

Oto 20, or 0 t0 10, or G to 5 cation% of Ti,

pius incidental impurities.

One of ordinary skill in the art of giass chemistry would further
recognize that any of the foregoing alkaline-earth-metal boron bismuth oxide
material compaositions, whether specified by weight percentages or cation
percentages of ifs constifuent oxides, may allernatively be prepared by
suppliying the required anions and cations in requisite amounts from different
components that, when mixed and fired, vield the same overall compaosition.
For example, in various embodiments, phosphorus cations could be supplied
either from P,0s, or alternatively from a suitable organic or inorganic
phosphate that decomposes on heating o yield P,Os, or from a metal
phosphate in which the metal is also a desired component of the final
material. Lithium cations could be supplied from Li,O, or alternatively from a
suitable organic or inorganic compound that decomposes on heating to vield
LizO, such as lithium carbonate, lithium acetate, or lithium hydroxide, or from
a mixed metal oxide that includes lithium, such as a lithium fitanium oxide. it
will be understood that the term “mixed metal oxide” refers to an oxide
comprising two or more cations. Such mixed metal oxides include ones in
which the cations are located randomiy or in defined positions of a
crystallographic structure. The skilled person would also recognize that
depending on the starting material employed, a certain portion of volatile
species, e.q., carbon dioxide, may be released during the process of making
a fusible material.

it is known {o those skilled in the art that an alkaline-earth-metal boron
bismuth oxide such as one prepared by a melling technigue as described
herein may be characterized by known analytical methods that include, but

are not limited to: Inductively Coupled Plasma-Emission Spectroscopy (1CP-
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£3), Inductively Coupled Plasma-Atomic Emission Spectroscopy ICP-AES),
and the like. In addition, the following exemplary techniques may be used: X-
Ray Fluorescence speciroscopy (XRF), Nuclear Magnetic Resonance
spectroscopy (NMR), Electron Paramagnetic Resonance spectroscopy
(EPR), Mossbauer speciroscopy, electron microprobe Energy Dispersive
Spectroscopy (EDS), electron microprobe Wavelength Dispersive
Spectroscopy (WDS), and Cathodoluminescence (CL). A skilled person could
calculate percentages of starting components that could be processed (o
yield a particular fusible material, based on resulls oblained with such
analytical methods.

The embodiments of the alkaline-earth-metal boron bismuth oxide
material described herein, including the compositions listed in Tables | and
IV, are not limiling; itis contemplated that one of ordinary skill in the art of
glass chemistry could make minor substitutions of additional ingredients and
not substantially change the desired properties of the alkaline-earth-metal
boron bismuth oxide composition, including ifs interaction with a substrate
and any insulating layer thereon.

A median particle size of the alkaling-earth-metal boron bismuth oxide
material in the present composition may be in the range of about 0.5 10 10
um, or about 0.8 to 5 um, or about 1 to 3 um, 33 measured using the Horiba
LA-910 analyzer.

In an embodiment, the alkaline-earth-metal boron bismuth oxide may
be produced by conventional glass-making technigues and equipment. For
the examples provided herein, the ingredients were weighed and mixed in the
desired proportions and heated in a platinum alloy crucible in a furnace. The
ingredients may be heated {0 8 peak temperature (e.q., 800°C to 1400°C, or
1000°C 10 1200°C) and held for a time such that the material forms a melt
that is substantially liquid and homogeneous {(e.g., 20 minutes to 2 hours).
The melt optionally is stirred, either intermittently or continuously. In an
embaodiment, the melting process resulls in a material wherein the constituent

chemical elements are fully mixed at an atomic level. The molten malerial is
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then typically quenched in any suitable way including, without limitation,
passing it between counter-rotating stainless stesl rollers o form 0.25 10 0.50
mm thick platelets, by pouring it onto a thick stainless steel plate, or by
pouring it into water or ¢ther guench fluid. The resulting particles are then
milled o form a powder or frit, which typicaily may have a dsp 0of 0.2 10 3.0
Lm,

Other production technigues may also be usead for the present alkaline-
earth-metal boron bismuth oxide material. One skilled in the art of producing
such materials might therefore employ altemnative synthesis techniques
including, but not limited to, melting in non-precious metal crucibles, melling
in cerarmic crucibies, sol-gel, spray pyrolysis, or others appropriate for making
powder forms of glass.

A skilled person would recognize that the choice of raw materials could
unintentionally include impurities that may be incorporated into the alkaline-
garth-metal boron bismuth oxide material during processing. For example,
these incidental impurities may be present in the range of hundreds to
thousands of parts per million. Impurities commonly cccurring in industrial
materials used herein are known 1o one of ordinary skill.

The presence of the impurities would not substantially alter the
properties of the alkaline-earth-metal boron bismuth oxide iiself, paste
compositions made with the alkaling-earth-metal boron bismuth oxide, or a
fired device manufactured using the paste composition. For example, a solar
cell employing a conductive siructure made using the present paste
composition may have the efficiency described herein, even if the
compgosition includes impurities.

The alkaline-earth-metal boron bismuth oxide used in the present
compgosition is believed {0 assist in the partial or compleie penetration ¢of the
oxide or nitride insulating layer commonly present on a silicon semiconductor
wafer during firing. As described herein, this at least partial penstration may

facilitate the formation of an effective, mechanically robust electrical contact

17



WO 2015/084801 PCT/US2014/068085

10

e

[N~
(3]

between a conductive structure manufaciured using the present composition
and the underlying silicon semiconductor of a photovoliaic device structure.
The alkaline-earth-metal boron bismuth oxide material in the present
paste composition may optionally comprise a plurality of separate fusible
substances, such as one or more frits, or a substantially crystalline material
with additional frit material. In an embodiment, a first fusible subcomponent is
chosen for its capability to rapidly etch an insulating layer, such as that
typically present on the front surface of a photovoltaic cell; further the first
fusible subcomponent may have strong etching power and low viscosity. A
second fusible subcomponent is optionally included to slowly blend with the
first fusible subcomponent to alter the chemical activity. Preferably, the
composition is such that the insulating laver is partially removed but without
attacking the underlying emitter diffused region, which would shunt the
device, were the corrosive action {0 proceed unchecked. Such fusible
materials may be characterized a3 having a viscosity sufficiently high to
provide 2 stable manufacturing window to remove insulating layers without
damage to the diffused p-n junclion region of a semiconductor substrate.
ideally, the firing process results in a substantiaily complete removal of the
insulating layer without further combination with the underlying Si substrate or
the formation of substantial amounts of non-conducting or poorly conducting

inclusions.

C. Optional Oxide Additive

As noted above, an optional oxide may be included in the present

paste composition as a discrete additive, such as an oxide of one or more ¢f
Al LI Na, K, Rb, Cs, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Zr, Nb, Si, Mo, W, Hf,
Ag, Ga, Ge, In, 3n, Sb, Se, Ry, Bi, P, Y, La, or mixtures thereof, or a

substance that forms such an oxide upon heating. The oxide additive can be
incorporated in the paste composition in a powder form as received from the
supplier, or the powder can be ground or milled to a smaller average particle

size. Particles of any size can be employed, as long as they can be
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incorporated into the present paste compaosition and provide its required
functionality. In an embodiment, the paste composition comprises up e §
wt.% of the discrete oxide additive.

Any size-reduction method known {0 those skilied in the art can be
employed to reduce particle size 1o a desired level. Such processes include,
without limitation, ball milling, media milling, jet milling, vibratory milling, and
the like, with or without a solvent present. If a solvent is used, water is the
preferred solvent, but other solvents may be employed as well, such as
alcohols, ketones, and aromatics. Surfactants may be added to the solvent to

aid in the dispersion of the particles, if desired.

i, Organic Vehigle

The inorganic components of the present compaosition are typically
mixed with an organic vehicle to form a relatively viscous material referred to
as a “paste” or an “ink” that has a consistency and rheology that render it
suitable for printing processes, including without limitation screen printing.
The mixing is typically done with a mechanical system, and the constituents
may be combined in any order, as long as they are uniformly dispersed and
the final formulation has characteristics such that it can be successfully
applied during end use.

A wide varisty of inert materials can be admixed in an organic medium
in the present composition including, without imitation, an inert, non-aqueocus
Hquid that may or may not coniain thickeners, binders, or stabilizers. By “inert”
is meant 3 material that may be removed by a firing operation without leaving
any substantial residue and that has no other effects delrimental to the paste
or the final conductor line properties.

The proportions of organic vehicle and incrganic components in the
present paste compgosition can vary in accordance with the method of
applying the paste and the kind of organic vehicle used. In an embodiment,

the present paste composition typically contains about 30 1o 95 wt.%, 7610

19



WO 2015/084801 PCT/US2014/068085

10

e

[N~
(3]

85 wt.%, or 85 to 95 wi.%, of the inorganic components and about 8 to 5C
wt. %, 510 24 wi.%, or 510 15 wt.%, of the organic vehicle.

The organic vehicle typically provides a medium in which the inorganic
components are dispersible with a good degree of stability. In particular, the
cormposition preferably has a stability compatible not only with the requisite
manufacturing, shipping, and storage, but also with conditions encountered
during deposition, e.g., by a screen printing process. Ideally, the rheclogical
properties of the vehicle are such that it lends good application properties ©
the composition, including stable and uniform dispersion of solids, appropriate
viscosity and thixetropy for printing, appropriate wetlability of the paste solids
and the substrate on which printing will occur, a rapid drying rate after
deposition, and stable firing properties.

Substances useful in the formulation of the organic vehicle of the
present paste compaosition include, without limitation, ones disclosed in US
Patent No. 7,494,607 and International Patent Application Publication No.
WO 2010/123867 AZ, both of which are incorporated herein in their entirety
for all purposes, by reference therete. The disciosed substances include
ethythydroxyethy! cellulose, wood rosin, mixtures of ethyl cellulose and
phenolic resing, celiulose acetate, cellulose acetate butyrate,
polymethacrylates of lower alcohols, monobutyl ether of ethylene glycol,
monoacetate ester alcohols, and terpenes such as alpha- or beta-terpineot or
mixtures thereof with other solvents such as kerosgene, dibutylphihalate, butyl
carbitol, butyl carbitol acetate, hexylene glycol, and high-boiling alcohols and
alcohol esters.

Solvents useful in the organic vehicle include, without Emitation, ester
alcohols and terpenes such as alpha- or beta-terpineo! or mixiures thereof
with other solvents such as kerosene, dibutylphthalate, butyl carbitol, butyl
carbitol acetate, hexylene giveol, and high-boiling alcohols and alcohol esters.
A preferred ester alcchol is the monoiscbutyrate of 2,2, 4-frimethyi-1,3-
pentanediol, which is available commercially from Eastman Chemical

(Kingsport, TN} as TEXANOL™. Some embodiments may also incorporate
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volatile liquids in the organic vehicle to promote rapid hardening after
application on the substrate. Various combinations of these and other
solvents are formulated to provide the desired viscosity and volatility.

in an embodiment, the organic vehicle may inciude one or more
components selected from the group consisting of: bis(2-
(2butoxyethoxylethyl) adipate, dibasic esters, octyl epoxy tallate,
isotetradecand!, and a pentaerythritol ester of hydrogenated rosin. The paste
compaositions may also include additional additives or components.

The dibasic ester useful in the present paste composition may
comprise one or more dimethyl esters selected from the group consisting of
dimethyl ester of adipic acid, dimethyl ester of glutaric acid, and dimethyi
ester of succinic acid. Various forms of such materials containing different
proportions of the dimsthyl esters are available under the DBE® frade name
from Invista (Wilmington, DE). For the present paste composition, a preferred
version is sold as DBE-3 and is said by the manufacturer to contain 85 (o0 85
weight percent dimethyl adipate, 5 to 15 weight percent dimethyl glutarate,
and 0 to 1.0 weight percent dimethy! succinate based on total weight of
dibasic ester.

Further ingredients optionally may be incorporated in the organic
vehicle, such as thickeners, stabilizers, and/or other common additives known
o those skilled in the arl. The organic vehicle may be a solution of one or
more polymers in a solvent. Additionally, effective amounis of additives, such
as surfactants or wetling agents, may be a part of the organic vehicle. Such
added surfactant may be included in the organic vehicle in addilion to any
surfactant included as a coating on the conductive metal powder of the paste
composition. Suitable wetling agents include phosphate esters and soya
tecithin, Both inorganic and organic thixolropes may also be present.

Among the commonly used organic thixotropic agents are
hydrogenated castor oil and derivatives thereof, but other suitable agents
may be used instead of, or in addition {o, these subsiances. It is, of course,

not always necessary 1o incorporate a thixotropic agent since the solvent and
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resin properties coupled with the shear thinning inherent in any suspension
may alone be suitable in this regard.

A polymer frequently used in printable conductive metal pastes is ethyl
cellulose. Other exemplary polymers that may be used include
ethythydroxyethy! cellulose, wood rosin and derivatives thereof, mixtures of
ethyt cellulose and phenolic resing, cellulose acetate, cellulose acelate
butyrate, poly{methacryiate)s of lower alcohols, and monocaikyl ethers of
ethylene glycol moneacetate.

Any of these polymers may be dissolved in a suitable solvent,
including those described herein.

The polymer in the organic vehicie may be present in the range of 0.1
wt.% to 5wt % of the total composition. The present paste composition may
be adjusied o a predetermined, screen-printable viscosily, e.g., with

additional solvent(s).

R Formation of Conductive Structures

An aspect of the invention provides a process that may be used to
form a conductive structure on a substrate. The process generally comprises
the sieps of providing the substrate, applving a paste composition, and firing
the substrate. Ordinarily, the substrate is planar and relatively thin, thus

defining first and second major surfaces on iis opposite sides.

Application
The present composition can be applied as a paste onto a preselected

portion of a major surface of the subsirate in a variety of different
configurations or patterns. The preselected portion may comprise any fraction
of the total first major surface area, including substantially all of the area. In
an embodiment, the paste is applied on a semiconductor substrate, which
may be single-crystal, cast mono, multi-crystal, polycrystalline, or ribbon

silicon, or any other semiconductor material.
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The application can be accomplished by a variety of deposition
processes, including printing. Exemplary deposition processes include,
without limitation, plating, extrusion or co-extrusion, dispensing from a
syringe, and screen, inkjet, shaped, multiple, and ribbon printing. The paste
composition ordinarily is applied over any insulating layer present on the first
major surface of the substrate.

The conductive compeosition may be printed in any useful pattern. For
example, the electrode pattern used for the front side of a photovoltaic cell
cormnmonly includes a plurality of narrow grid lines or fingers connected to one
or more bus bars. In an embodiment, the width of the lines of the conductive
fingers may be 20 10 200 um; 25 10 100 pm; or 3510 75 um. In an
embodiment, the thickness of the lines of the conductive fingers may be 5o
50 pum; 10 to 35 um; or 15 to 30 um. Such a pattern permits the generated
current {0 be extracted without undue resistive oss, while minimizing the area
of the front side obscured by the metlallization, which reduces the amount of
incoming light energy that can be converted to electrical energy. {deally, the
features of the electrode pattern should be well defined, with a preselected
thickness and shape, and have high electrical conductivity and low contact
resistance with the underlying structure.

Conductors formed by printing and firing a paste such as that provided
herein are often denominated as “thick film” conductors, since they are
ordinarily substantially thicker than traces formed by atomistic processes,
such as those used in fabricating integrated circuits. For example, thick film
conductors may have a thickness after firing of about 1 to 100 um.
Consequently, paste compgsitions that in their processed form provide
conductivity and are suitably applied using printing processes are often called

“thick film pastes” or "condugctive inks.”

Firing
A firing operation may be used in the present process to effect a

substantially complete burnout of the organic vehicle from the deposited
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paste. The firing typically involves volatilization and/or pyrolysis of the organic
materials. A drying operation opticnally precedes the firing operation, and is
carried out at a modest temperature to harden the paste composition by
remaoving iis most volatile organics.

The firing process is believed to remove the organic vehicle, sinter the
conductive metal in the composition, and establish electrical contact between
the semiconductor substrate and the fired conductive metal. Firing may be
performed in an atmosphere composed of air, nitrogen, an inert gas, or an
oxygen-containing mixture such as a mixed gas of oxygen and nitrogen.

in one embaodiment, the temperature for the firing may be in the rangse
between about 300°C to about 1000°C, or about 300°C to about 525°C, or
about 300°C to about 850°C, or about 650°C to about 1000°C. The firing may
be conducied using any suitable heat source. In an embodiment, the firing is
accomplished by passing the subsirate bearing the printed paste composition
pattern through a bell furnace at high transport rates, for example between
about 100 to about 500 om per minute, with resulting hold-up times between
about 0.05 to about 5 minutes. Multiple temperature zones may be used o
control the desired thermal profile, and the number of zones may vary, for
example, between 3 {0 11 zones. The temperature of a firing operation
conducted using a belt furnace is conventionally specified by the furnace set
point in the hotlest zone of the furnace, but itis known that the peak
temperature attained by the passing subsirale in such a process is somewhat
lower than the highest set point. Other batch and continuous rapid fire
furnace designs known to one of skill in the art are also contemplated.

in a further embodiment, other conductive and device enhancing
materials are applied prior to firing o the opposite type region of the
semiconductor device. The various materials may be applied and then co-
fired, or they may be applied and fired sequentially.

in an embodiment, the opposite type region may be on the non-
fiumninated (back) side of the device, Le., its second major surface. The

materials serve as slectrical contacts, passivating layers, and solderable
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tabbing areas. In an aspect of this embodiment, the back-side conductive
material may contain aluminum. Exemplary back-side aluminum-containing
compositions and methods of application are described, for example, in US
2006/0272700, which is hereby incorporated herein in its entirety for all
purposes by reference thereto. Suitable solderable tabbing materials include
those containing aluminum and silver. Exemplary tabbing compositions
containing aluminum and silver are described, for example in US
2006/0231803, which is hereby incorporated herein in ils entirety for ali
purposes by reference therelo.

in a further embodiment, the present paste composition may be
employed in the construction of semiconductor devices wherein the p and n
regions are formed side-by-side in a subsirale, instead of being respectively
adjacent to opposite major surfaces of the substrate. In an implementation in
this configuration, the electrode-forming materials may be applied in different
portions of a single side of the substrate, .¢., on the non-illuminated (back)
side of the device, thereby maximizing the amount of light incident on the
iuminated (front) side.

insulating laver
In some embodiments of the invention, the paste composition is used

in conjunction with a substrate, such as a semiconductor substrate, having an
insuiating layer present on one or more of the substrate’s major surfaces. The
laver may comprise one or more components selected from aluminum oxide,
titanium oxide, silicon nitride, SiNcH (silicon nitride containing hydrogen for
passivation during subsequent firing processing), silicon oxide, and silicon
oxide/titanium oxide, and may be in the form of a single, homogeneous layer
or multiple seguential sub-layers of any of these materiais. Silicon nitride and
SiNgH are widely used.

The insulating layer provides some embodiments of the cell with an
anti-reflective property, which lowers the cell’'s surface reflectance of light

incident thereon, thereby improving the cell’s utilization of the incident light
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and increasing the slectrical current it can generate. Thus, the insulating layer
is often denoted as an anti-reflective coating (ARC). The thickness of the
layer preferably is chosen to maximize the anti-reflective property in
accordance with the layer material’s composition and refractive index. In one
approach, the deposition processing conditions are adjusted to vary the
stoichiometry of the layer, thereby allering properties such as the refractive
index to a desired vaiue. For a silicon nitride layer with a refractive index of
about 1.9 to 2.0, a thickness of about 700 to 900 A (70 to 90 nm) is suitable.

The insulating layer may be deposited on the substrate by methods
known in the microelectronics art, such as any form of chemical vapor
deposition (CVD) including plasma-enhanced CVD (PECVD) and thermal
CVD, thermal oxidation, or sputlering. In another embodiment, the substrate
iz coated with a liguid material that under thermal freatment decomposes or
reacts with the substrate to form the insulating laver. In still another
embodiment, the substrate is thermally treated in the presence of an oxygen-
or nitrogen-containing atmosphere {o form an insulating layer. Alternatively,
no insulating layer is specifically applied to the subsiraie, but a naturally
forming substance, such as silicon oxide on a silicon wafer, may function as
an insulating layer.

The pregsent method optlionally inciudes the step of forming the
insulating laver on the semiconductor substrate prior {0 the application of the
paste composition.

in some implementations of the present process, the paste
composition is applied over any insulating layer present on the substrate,
whether specifically applied or naturally occurring. The paste’s fusible
material and any additive present may act in concert to combine with,
dissolve, or otherwise penetrate some or all of the thickness of any insulating
fayer material during firing. Preferably, good slectrical contact between the
paste composition and the underlying semiconductor substrale is theraby
established. Ideally, the firing results in a secure attachment of the conductive

metal structure to the substrate, with a metaliurgical bond being formed over
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substantially all the area of the substrale covered by the conductive element.
in an embodiment, the conductive metal is separated from the silicon by a
nanometer-scale interfacial film layer (fypically of order 5 nm or less) through
which the photoelectrons tunnel. In another embodiment, contact is made
between the conductive metal and the silicon by a combination of direct
metal-to-silicon contact and tunneling through thin interfacial film layers.
Firing also promotes the formation of both good electrical conductivity
in the conductive element itself and a low-resistance connection to the
substrate, e.¢g., by sintering the conductive melal particles and etching
through the insulating layer. While some embaodiments may funclion with
glectrical contact that is limited to conductive domains dispersed over the
printed area, it is preferred that the contact be uniform over substantially the

entire printed area.

Structures

An embodiment of the present invention relates {0 a structure
comprising a substrate and a conductive electrode, which may be formed by
the process described above.

Semiconductor Device Manufacture

The structures described herein may be useful in the manufacture of
semiconductor devices, including photovoltaic devices. An embodiment of the
invention relates {0 a semiconductor device coniaining one or more structures
described herein. Another embodiment relates (o a pholovoliaic device
containing one or more structures described herein. Still further, there is
provided a photovoitaic cell containing one or more structures described
herein and a solar panel containing one or more of these structures.

In another aspect, the present invention relates to a device, such as an
electrical, electronic, semiconductor, photodiode, or photovoltaic device.

Various embodiments ¢of the device include a junclion-bearing semiconductor
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substrate and an insulating layer, such as a silicon nitride layer, presenton a
first major surface of the substrate.

One possible sequence of steps implementing the present process for
manufacture of a photovoltaic cell device is depicted by FIGS. 1A-1F.

FIG. 1A shows a p-type substrate 10, which may be single-crystal,
multi-crystalling, or polycrystalline silicon. For example, subsirate 10 may be
obtained by slicing a thin layer from an ingot that has been formed from a
puliing or casting process. Surface damage and contamination (from slicing
with a wire saw, for example) may be removed by etching away about 10 {0
20 um of the substrate surface using an agueocus alkall solution such as
agueous potassium hydroxide or agueous sodium hydroxide, or using a
mixture of hydrofluoric acid and nitric acid. In addition, the substrate may be
washed with 3 mixture of hydrochioric acid and optional hydrogen peroxide to
remove heavy metals such as iron adhering o the substrate surface.
Subsirate 10 may have a first major surface 12 that is textured to reduce light
reflection. Texturing may be produced by etching a major surface with an
agueous alkail solution such as agusous potassium hydroxide or aqueocus
sodium hydroxide. Substrate 10 may aiso be formed from a silicon ribbon.

in FIG. 1B, an n-type diffusion layer 20 is Tormed to create a p-n
junction with p-type material below. The n-type diffusion layer 20 can be
formed by any suitable doping process, such as thermal diffusion of
phosphorus (P) provided from phosphorus oxychloride (POCHs) or ion
implantation. In the absence of any particular modifications, the n-type
diffusion layer 20 is formed over the entire surface of the silicon p-type
substrate. The depth of the diffusion layer can be varied by controlling the
diffusion temperature and time, and is generally Tormed in a thickness range
of about 0.3 to 0.5 ym. The n-type diffusion layer may have a sheet resistivity
from several tens of ohms per square up to about 120 chms per square.

After protecting one surface of the n-type diffusion layer 20 with a
resist or the like, the n-type diffusion layer 20 is removed from most surfaces

by efching so that it remains only on the first major surface 12 of substrate 10,
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as shown in FIG. 1C. The resist is then removed using an organic solvent or
the like.

Nexi, as shown in FiG. 1B, an insulating layer 30, which also functions
as an anti-reflective coating, is formed on the n-type diffusion layer 20. The
insulating layer is commonly silicon nitride, but can also be a laver of another
material, such as SiNgH (e, the insulating laver comprises hydrogen for
passivation during subsequent firing processing), titanium oxide, silicon oxide,
mixed silicon oxideftitanium oxide, or aluminum oxide. The insulating iaver
can be in the form of a single layer or muitiple layers of the same or different
materials.

Next, glectrodes are formed on both major surfaces 12 and 14 of the
substrate. As shown in FIG. 1E, a paste composition 500 of this invention is
scraen printed on the insulating layer 30 of the first major surface 12 and then
dried. For a photovoltaic cell, paste composition 500 is typically applied in a
predetermined pattern of conductive lines extending from one or more bus
bars that cccupy a predetermined portion of the surface. In addition,
aluminum paste 60 and back-side silver paste 70 are screen printed onlo the
back side (the second major surface 14 of the substraie) and successively
dried. The screen printing operations may be carried out in any order. For the
sake of production efficiency, all these pastes are typically processed by co-
firing them at a temperature in the range of about 700°C to about 875°C for a
period of from several seconds to several tens of minutes in air or an oxygen-
containing atmosphere. An infrared-heated belt furnace is conveniently used
for high throughput.

As shown in FIG. 1F, the firing causes the depicted paste composition
500 on the front side o sinter and penetrate through the insulating layer 30,
thereby achieving electrical contact with the n-type diffusion laver 20, a
condition known as “fire through.” This fired-through state, L.e., the extent o
which the paste reacts with and passes through the insulating layer 30,
depends on the guality and thickness of the insulating layer 30, the

compgosition of the paste, and on the firing conditions. A high-quality fired-
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through state is believed o be an important factor in obtaining high
conversion efficiency in a photovoliaic cell. Firing thus converts paste 500 into
electrode 501, as shown in FIG. 1F.

The firing further causes aluminum {o diffuse from the back-side
aluminum paste into the silicon substrate, thereby forming a p+ layer 40,
containing a high concentration of aluminurm dopant. This layer is generally
called the back surface field (BSF) layer, and helps to improve the energy
conversion efficiency of the solar cell. Firing converis the dried aluminum
paste 60 o an aluminum back electrode 61. The back-side silver paste 70 is
fired at the same time, becoming a silver or silver/aluminum back electrode
71. During firing, the boundary between the back-side aluminum and the
back-side silver assumes the state of an alloy, thereby achieving electrical
conneaction. Most areas of the back electrode are occupied by the aluminum
electrode, cwing in part {0 the need 1o form a p+ layer 40. Since there is no
need for incoming light [o penstrate the back side, subsiantially the entire
surface may be covered. At the same lime, because soldering to an
aluminum electrode is unfeasible, g silver or silver/aluminum back electrode
is formed on limited areas of the back side as an electrode to permit soldered
attachment of interconnecting copper ribbons or the like.

While the present invention is not limited by any particular theory of
operation, it is believed that, upon firing, the alkaline-sarth-metal boron
bismuth oxide material, with any additive component present acting in
concert, promotes rapid eiching of the insulating laver conventionaily used on
the front side of a photovollaic cell. Efficient efching in tum permits the
formation of a low resistance, front-side slectrical contact between the
metal(s) of the compaosition and the underlying substrate.

it will be understood that the present paste composition and process
may also be used to form electrodes, including a front-side electrode, of a
photovoltaic cell in which the p- and n-type layers are reversed from the
construction shown in FIGS. 1A-1F, so that the substrate is n-lype and a p-

type material is formed on the front side.
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In yet another embodiment, this invention provides a semiconductor
device that comprises a semiconducior subsirate having a first major surface;
an insulating layer optionally present on the first major surface of the
substrate; and, disposed on the first major surface, a conductive slectrode
pattern having a preselected configuration and formed by firing a paste
compaosition as described above.

A semiconductor device fabricated as described above may be
incorporated into a photovoltaic cell. in another embodiment, this invention
thus provides a photovoltaic cell array that includes a plurality of the

semiconductor devices as described, and made as described, herein.

The present paste composition is useful in constructing photovoltaic
cells using conventional, highly doped emilter (HDE) wafers, as well as so-
called “lighily doped emitter” (LDE) wafers.

Si solar ceils are made by adding controlled impurities (cailed dopants)
o purified Si. Different dopants impart positive {p-type) and negative (n-type)
semiconducting properties {0 the Si. The boundary {junction) between the p-
fype and n-type Si has an associated (buili-in} voltage that provides power {0
electrical charge carriers in the solar cell. Dopant concentration must be
controlled to achieve optimal cell performance. A high dopant concentration in
the emitler ordinarily imparts low electrical emitfer sheet resistivity and
enables a low resistivity metal contact to be made at the &i surface, thereby
decreasing resistance losses. However, a high dopant concentration also
may introduce crystalline defects or electrical perturbations in the Si lattice
that increase recombination losses.

A common Si solar cell design comprises a ~200 micron thick p-type Si
wafer coated with a 0.4 micron thick n-type Si layer. The p-lype wafer is the
base. The n-type layer is the emitter. This configuration is typically made by
either diffusion or ion implantation of phosphorus (P) dopant into the Si wafer,
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Typical highly doped Si emitters (HDE) have total [Pausace] ranging from
9to 15 x 10°° atomns/cm® and active [Paumaee] ranging from 3 to 4 x 1¢%°
atorns/om”. Lightly doped emitters have total [Peuwrce] ranging from 0.9 10 2.9
x 10% atoms/em® and active [Paurace] ranging from 0.6 to 2.0 x 10
atorns/om”. P dopant in excess of the active concentration {inactive P) leads
to Shockley-Read-Hall (BRH) recombination energy loss. Active P dopant
above 1 x 10%° atoms/om” leads to Auger recombination energy loss.

Total dopant concentration is typically measured using the SIMS
{secondary ion mass spectrometry) depth profiling method [Diffusion in
Silicon, 3. W. Jones, 10 Knowledge LLC 2008, pages 56-02; see page 61].
Active dopant conceniration is often measured using SRF (spreading
resistance probing) or ECV (glectrochemical capacitance voltage) methods.

Solar cell embodiments employing lightly doped emitters in some
instances achieve improved solar cell performance by decreasing the losses
resulling from electron-hole recombination at the front surface. However, the
inherant polential of LDE-based cells to provide improved cell performance
often is not fully realized in practice because of the greater difficuity of
forming the high-guality metal contacts needed o efficiently extract current
from the operating celi.

As a result, wafers used for commercial solar celis heretofore have
typically emploved high [Psumace] emitters, as discussed above, which degrade
short wavelength response (short waveiengths having a very high absorption
coefficient in silicon and are absorbed very cloge to the surface) and result in
lower open-circuit voltage Vo and short-circuit current density Jg.. The high
[Paurtacel @mitters enable formation of low contact resistivity metallization
contacts, without which contact is poor and cell performance s degraded.

Nevertheless, there remains an improvement in cell performance
potentially attainable with LDE-based cells. Such celis would reguire a thick-
film metallization paste that can reliably contact lightly doped, low [Paurtacel
ernitters without damaging the emitter layer surface, while still providing low

contact resistance. ldeally, such a paste would enable screen-printed
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crystalline silicon solar cells to have reduced saturation current density at the
front surface (Jpe) and accompanying increased V. and Je., and therefore
improved solar cell performance. Other desirable characteristics of a paste
would include high bulk conductivity, the ability to form narrow, high-aspect-
ratio finger lines in a metallization patiern to further reduce series resistance
and minimize shading of incident light by the electrodes, and good adherence

io the substraie.

EXAMPLES

The operation and effects of certain embodiments of the present
invention may be more fully appreciated from Examples 1 - 11 described
below. The embodiments on which these examples are based are
representative only, and the selection of those embodiments to illustrate
aspects of the invention does not indicate that materials, componenis,
reactants, conditions, technigues, and/or configurations not described in the
examples are not suitable for use herein, or that subject matier not described
in the examples is excluded from the scope of the appended claims and
equivalents thereof.

Exampies 1a and 2a

Paste Preparation

in accordance with the present disclosure, alkaline-earth-metal boron
bismuth oxide materials as set forth in Table | were prepared. The
compositions were formulated by combining requisite amounts of the
compounds BaCOs;, CalQ,, BiOs, BOs, and 3i0,. The amount of each
compound was selected to provide in the combined alkaline-sarth-metal
boron bismuth oxide the cation percentages listed in Table L.

The various ingredients for each composition were intimately mixed by
melting them in a covered Pt crucible that was heated in air from room
temperature to 1100°C over a period ¢f 1 hour, and held at that temperature

for 30 minutes. Each melt was separately poured onio the flat surface of a
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cylindrically-shaped stainless stesl block {8 cm high, 10 cm in diameter). The
cooled buttons were pulverized to a -100 mesh coarse powder.
Then the coarse powder was ball milled in a polyethylene container
with zirconia media and a suitable liquid, such as water, isopropyt alcohaol, or
5 water containing 0.5 wi.% TRITON™ X-100 octyiphenco! ethoxylate surfactant
(available from Dow Chemical Company, Midiand, M} until the ds; was in the

range of 0.5 o 2 um.

Table |
10 Alkaline-earth-metal Boron Bismuth Oxide Material Compositions
Example & cation%% | cation% | cation% | cation% | cation®%
B B Bi Si Ba Ca
1a 50.00 12.50 8.25 18.75 12.50
28 53.32 26.67 8.67 6.67 6.67

in accordance with an aspect of the invention, the alkaline-earth-metal

boron bismuth oxide compositions of Examples 1a and 2a were combined

[
(941

with silver powder and an organic vehicle to form paste compositions suitable
for screen printing.

The silver powder used was represented by the manufaciurer as
having a predominantly spherical shape. The powder was found {o have a
particle size distribution with a dsp of about 2.3 ym by measurement in an
20 isopropyt alcohol dispersion using a Horiba LA-810 analyzer,

The organic vehicle was prepared as a master baich using a planetary,
centrifugal Thinky mixer (available from Thinky USA, Inc., Laguna Hills, CA)
o mix the ingredients listed in Table H below, with percentages given by

weight.

Table li
Organic Vehicle Composition

Ingredient wi. %
11% ethyl cellulose (50-52% ethoxyl) 13.98
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diszolved in TEXANOL™ solvent

8% ethyi celluiose (48-50% ethoxyl) 5.38
dissolved in TEXANOL™ solvert
tallowpropylenediamine dioleate 10.75
pertaervthrito! ester of hydrogenated 26.88
rosin

hydrogenated castor oil derivative 5.38
dibasic ester 37.63

The paste compaositions were formulated by combining approximately
8.7 wt.% vehicle and 2, 3, or 4 wt.% of the alkaling-earth-metal boron bismuth
oxide materials of either Example 1a or Example 2a, with the remainder being
sitver powder. First, the milled oxide material and silver powder was
combinad in a glass jar and tumble mixed for 15 minutes. This inorganic
mixture was then added by thirds to a Thinky jar containing the organic
ingredients and Thinky-mixed for 1 minute at 2000 RPM after each addition.
After the final addition, the paste was cooled and the viscosily was adjusted
to between about 300 and 400 Pa-s by adding a suitable small portion of
TEXANOL™ solvent and Thinky mixing for 1 minute at 2000 RPM. Viscosities
herein were measured with a Brookfield viscometer (Brookfield Inc.,
Middieboro, MA) with a #14 spindie and a #6 cup. Viscosity values wers
taken after 3 minules at 10 RPM.

The paste was then milled on a three-roll mill {Charies Ross and Son,
Hauppauge, New York) with a 25 um gap for 3 passes at zero pressure and 3
passes at 100 psi {688 kPa). The paste was allowed {o sit overnight, and then
its viscosity was adjusted o approximately 300 Pa-s with small additions of

solvent, if necessary.

Examples 1b and 2b

Fabrication and Testing of Photovoltaic Cells

Ceall Fabrication

Photovoltaic cells were fabricaled in accordance with an aspect of the

invention using the paste compositions made with the oxides of Examples 1a
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and 2a at different loadings to form the front-side electrodes for the celis of
Examples 1o and 2b. Examples 1b{1) - 1b{3} and 2b{1) — 2b{3) were made
with different loadings of the frits of Examples 1a and 235, respsectively. The
amount of frit in each composition is listed in Table Il as a weight percentage
based on the total paste composition.

Conventional HDE Deutsche Cell multi-crysialiine wafers (~200 ym
thick, ~65 ohms per square rasistivity) were used for fabrication and electrical
testing. For convenience, the experiments were carried out using 28 mm x 28
mm “cut down” wafers prepared by dicing 156 mm x 158 mm starting wafers
using a diamond wafering saw. The {est wafers were screen printed using an
AMI-Presco (AMI, North Branch, NJ) MSP-485 screen printer, firstto form a
full ground plane back-side conductor using a conventional Al-containing
paste, SOLAMET® PV381 (available from DuPont, Wiimington, DE), and
thereafter to form a bus bar and eleven conductor lines at a 0.254 cm pitch on
the front surface using the variocus exemplary paste compositions herein.
After printing and drying, celis were fired in a BTU rapid thermal processing,
multi-zone belt furnace (BTU International, North Billerica, MA). Twenty five
cells were printed using each paste; 5 cells were fired at each set point
femperature in a 5-temperature ladder ranging from set points 880 o 940°C.
After firing, the median conductor line width was about 110 ym and the mean
line height was about 15 um. The bus bar was 1.25 mm wide. Performance of
‘cut-down” 28 mm x 28 mm cells is known 10 be impacted by edge effecis
which reduce the overall photovoltaic cell efficiency by ~ 5% from what would
be obtained with full-size wafers.

Flectrical Testing

Electrical properties of photovoitaic cells as thus fabricated were
measured at 25 £ 1.0°C using an 3T-1000 IV tester (Telecom STV Co.,
Moscow, Russia). The Xe arc lamp in the IV tester simulated sunlight with a
known intensity and irradiated the front surface of the cell. The tester used a

four contact method o measure current {1} and voltage (V) at approximately
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400 load resistance settings to determineg the cell’'s IV curve. Efficiency, fill
factor (FF), and series resistance (Ry) were obtained from the -V curve for
each cell. R, is defined in a conventional manner as the negative of the
reciprocal of the local slope of the IV curve near the open circuit voltage. As
recognized by a person of ordinary skill, R, s conveniently determined and a
close approximation for R, the true series resistance of the cell. For each
compaosition, an optimum firing temperature was identified as the temperature
that resulted in the highest median efficiency, based on the 5-cell test group
for each composition and temperature. Electrical results for the cell groups
fired at the respective optimal firing temperature are depicted in Table i
below. Of course, this testing protocol s exemplary, and other equipment and
procedures for testing efficiencies will be recognized by one of ordinary skilt in
the art.

Table i
Electrical Properties of Mulli-crysialiine Photovollaic Cells
wi.% frit B FF Ra
Example # in paste {%) {%} {ohms}
1b{1) 2 13.96 66.3 | 0.3814
12} 3 13.84 71.9 0.3104
1h(3} 4 13.77 87.9 {.3582
2b{1} 2 49.46 47.9 1.0443
2b(2) 3 12.80 62.6 | 0.49236
2b({3) 4 14 44 72.0 (.2582

Examples 3ato 1ia

Paste Preparation

Using the same maelling, guenching, and milling procedures employed
for Examples 1a and 2a, further alkaline-sarth-metal boron bismuth oxide
materials in accordance with the present disclosure were prepared, as set
forth in Table V.

lable IV
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Alkaline-earth-metal Boron Bismuth Oxide Material Compositions

Example jcation%)|cation%ication%|cation¥%ication%|cation%{cation%|cation% |cation%
# B Bi Ba Ca L P Ti Zn &i
3z 4501 | 12580 | 2399 | B.01 4.99 7.50 0.00 0.00 .00
4a 2498 | 1250 | 20.00 | 501 5.01 7.50 5.01 0.00 0.00
5a 4489 | 1250 | 2000 | 4.99 5.04 7.4% 0.00 4.99 0.00
8a 50.00 | 12.50 | 1875 | 1250 | 0.00 0.00 0.00 0.00 8.25
7a 53.33 | 2887 | 687 8.567 0.00 .00 0.00 0.00 567
Ba 32.00 | 40.00 | 1800 | 5.00 5.00 0.00 0.00 0.00 0.00
93 32.00 | 40.00 | 9.00 5.00 5.00 0.00 .00 9.00 0.00
10a 14.40 | 57.680 | 18.00 | 5.00 5.00 0.00 0.00 0.00 0.00
11a 14.40 | 5780 | 9.00 £.00 5.00 0.00 0.00 9.00 0.00

The slkaling-earth-metal boron bismuth oxide compositions of
Examples 3a to 11a were combined with the same silver powder and organic
vehicle and processed as described for Examples 1a and 2a o form paste

cormpositions suitable for screen printing.

Examples 3b to 11b
Fabrication and Testing of Photovoliaic Celis

Photovoltaic cells were Tabricated and tested using the technigues
generally described above for Examples 1b and 2b. For Examples 3b to 5b,
paste compositions were prepared with 3.5 wt.% icading of the frits of
Examples 3a to 5a, respectively. For Examples 8b to 11b, paste compositions
were prepared at muitiple loadings of the frits of Examples 6a to i1a,
respeactively. Each paste composition was then used to print front-side
electrodes on ~200 um thick, ~85 ohms per square resistivity, HBE mono-
crystalline wafer subsirates {available from Gintech Energy Corporation,
Jhunan Township, Taiwan). Celis were again prepared and tested on 28 mm
x 28 mm “cut down” wafers, using the same firing and {esting protocols as
before.

Electrical properties obtained at the optimal firing temperature for each
cormposition are sel forth in Table V. The data demonstrate that operable

photovoltaic cells can be fabricated with the pastes of Examples 3a toc 11a.
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TableV
Flectrical Properties of Mono-crvsialling Photovoliaic Cells
wi % frit Eff FF Ra
Example # in pasts {%) {963 {ohms}
ab{1) 3.5 10.28 48.1 0.7289
4b{1) 3.5 13.38 80.8 | 0.5025
5b{1} 3.5 13.99 64.7 | 0.4193
Gb{1} 2 13.96 66.3 0.36814
80({2) 3 13.84 71.9 0.3104
6b(3) 4 13.77 67.9 | 0.3982
7b{1} 2 9.46 479 1.0443
7h(2) 3 12.80 526 | 04938
Thi3) 4 14 44 72.0 (.2592
8b(1) 2 14.48 64.3 {3.3761
ab{2) 3 15.20 68.0 0.3272
St 2 15.19 66.8 .3202
Ob{2} 3 14.86 66.0 3.3919
106{1) 2 15.28 67.6 0.3403
10b{2} 3 13.88 652.8 (0.4320
11b{1} 2 15.28 69 4 {0.3151
1106(2) 3 15.42 69.2 0.3255

Having thus described the invention in rather full detail, it will be
undersiood that this detaill need not be strictly adhered to but that further
changes and modifications may suggest themseives to one skilled in the art,
all falling within the scope of the invention as defined by the subjoined claims.

Where a range of numerical values is recited or established herein, the
range includes the endpoints thereof and all the individual integers and
fractions within the range, and also includes each of the narrower ranges
therein formed by all the various possible combinations of those endpoints
and internal integers and fractions to form subgroups of the larger group of
values within the stated range to the same extent as if each of those narrower
ranges was explicitly recited. Where a range of numerical values is stated
herein as being greater than a stated value, the range is nevertheless finile
and is bounded on its upper end by a value that is operable within the context

of the invention as described herein. Where a range of numerical values is
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stated herein as being less than a stated value, the range is nevertheless
bounded on its lower end by a non-zero value.

in this specification, unless explicitly stated otherwise or indicated {0
the contrary by the context of usage, where an embaodiment of the subject
matter hereof is stated or described as comprising, including, containing,
having, being composed of, or being constituted by or of certain features or
elements, one or more features or elements in addition o those explicitly
stated or described may be present in the embodiment. An allernative
embodiment of the subject matier hereof, however, may be stated or
described as consisting essentially of certain features or elements, in which
embodiment features or elements that would materially alter the principle of
operation or the distinguishing characteristics of the embodiment are not
present therein. A further alternative embodiment of the subject matter hereof
may be stated or described as consisling of certain features or slements, in
which embodiment, or in insubstantial variations thereof, only the features or
elements specifically stated or described are present. Additionally, the term
‘comprising” is intended to include examples encompassed by the terms
“‘congisting essentially of” and “consisting of.” Similarly, the term “consisting
essentially of” is intended t0 include examples encompassed by the term
“‘consisting of.”

When an amount, conceniration, or other value or parameler is given
as either a range, preferred range, or a list of upper preferable values and
lower preferable values, this is to be understood as specifically disclosing all
ranges formed from any pair of any upper range limit or preferred value and
any lower range limit or preferred value, regardless of whether ranges are
separately disclosed. Where a range of numerical values is recited hersin,
unless otherwise staled, the range is intended o include the endpoints
thereof, and all integers and fractions within the range. It is not inlended that
the scope of the invention be limiled o the specific values recited when
defining a range.

In this specification, unless explicitly stated otherwise or indicated fo
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the contrary by the context of usags,

{a} amounts, sizes, ranges, formulations, parameters, and other
quantities and characteristics recited herein, particularly when modified by the
term “aboul’, may but need not be exact, and may also be approximate
andfor larger or smaller (as desired) than stated, reflecting tolerances,
conversion factors, rounding off, measurement error, and the like, as well as
the inclusion within a stated value of those values outside it that have, within
the context of this invention, functional and/or operable equivalence to the
stated value; and

{b} all numerical quantities of parts, percentage, or ralio are given as
parts, percentage, or ratic by weight; the stated parts, percentage, or ratio by
weight may or may not add up to 100
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CLAIMS
What is claimed is:

1. A paste composition comprising:
{(a} a source of electrically conductive metal;
(b} an alkaline-earth-metal boron bismuth oxide; and
{¢) an organic vehicle, in which the source of electrically conductive
metal and the oxide are dispersed.

2. The paste composition of claim 1, comprising 0.5 {o 10 weight% of the
alkaline-earth-metal boron bismuth oxide.

3. The paste composition of claim 1, wherein alkaline-earth metal, boron,
and bismuth cations comprise 75 to 95 cation% of the alkaline-garth-
metal boron bismuth oxide.

4. The paste composition of claim 1, wherein the alkaline-earth-metal boron
bismuth oxide comprises:

10 to 40 cation% of an alkaline earth metal selected from the group of

Mg, Ca, Ba, Sr, and mixtures thereof;

14 1o 865 cation% of B; and
10 to 60 cation% of Bi, plus incidental impurities.

5. The paste composition of claim 4, wherein the alkaline-earth-metal boron
bismuth oxide further comprises at least one oxide selected from the
group consisting of oxides of Al, Li, Na, K, Rb, Cs, Ti, V, Cr, Mn, Fe, Co,
Ni, Cu, £n, Zr, Nb, S, Mo, W, Hf, Ag, Ga, Ge, In, Sn, 8Sb, Se, Ru, P, Y, La
and the other lanthanide elements, and mixtures thereof.

8. The paste composition of claim §, wherein the alkaline-earth-metal boron
bismuth oxide further comprises at least one oxide selected from the
group congisting of oxides of Li, Na, SI, P, Zn, and Ti.

7. The paste composition of claim 8, wherein the alkaline-sarth-metal boron
bismuth oxide further comprises:

{0 to 15 cation% of Li;

0 to 15 cation®% of Na;
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{ to 15 cation% of 5i;

0 to 15 cation% of P,

0 to 20 cation% of Zn; and
0 to 20 cation% of Ti,

pius incidental impurities.

8. The paste composition of claim 1, wherein up to 10 anion percent of the
oxygen anions of the alkaline-earth-metal boron bismuth oxide are
replaced by halogen anions.

9. The paste composition of claim 1, wherein the source of the electrically
conductive metal is an electrically conductive melal powder.

10. The paste compeosition of claim 1, wherein the elecirically conductive
metal comprises Ag.

11. The paste composition of claim 10, wherein the Ag comprises 85 10 99.5
wt.% of the solids in the compaosition.

12. The paste composition of claim 1, wherein the paste composition is lead-
free.

13. The paste composition of claim 1, further comprising an oxide additive
that is an oxide of Al, Li, Na, K, Rb, Cs, T, V, Cr, Mn, Fe, Co, Ni, Cu, Zn,
Zr, Nb, Si, Mo, W, Hi, Ag, Ga, Ge, In, Sn, Sb, Se, Ru, Bi, Ba, Ca, 5r, Mg,
B, P, Y, La or the other lanthanide elements, or mixtures thereof, ora
compound of one or more of the above elements which form an oxide
upon firing.

14. A process for forming an electrically conductive structure on a substrate,
the process comprising:

(a) providing a substrate having a first major surface;

(b} applying a paste compaosition onto a preselected portion of the
first major surface, wherein the paste composition comprises in
admixiure:

i} a source of electrically conductive metal,

i) an alkaling-earth-metal boron bismuth oxide, and
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iy an organic vehicle, in which the source of electrically
conductive metal and the oxide are dispersed; and
{c) firing the substrate and paste compaosition thereon, whereby the

electrically conductive structure is formed on the substrate.

(41

15. The process of claim 14, wherein the source of electrically conductive
metal is silver powder.

18. The process of claim 14, wherein the substrate comprises an insulating
layer present on at least the first major surface and comprising at least
one layer comprised of aluminum oxide, titanium oxide, silicon nitride,

10 SiNgH, silicon oxide, or silicon oxide/titanium oxide, the paste
composiiion is applied onto the insulating layer of the first major surface,
and the insulating layer is penetrated and the slectrically conductive
metal is sintered during the firing, whereby an eleclrical contact is formed
between the electrically conductive metal and the substrate.

15 17. An article comprising a substrate and an electricaily conductive structure

thereon, the article having been formed by the process of claim 14,

18. The article of claim 17, wherein the substrate is a silicon wafer.

19. The article of ¢laim 17, wherein the article comprises a semiconductor
device.

20 20. The article of claim 19, wherein the article comprises a photovoltaic cell.
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