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BURIED-CONTACT SOLAR CELLS WITH
SELF-DOPING CONTACTS

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of the filing of U.S.
Provisional Patent Application Ser. No. 60/542,454, entitled
“Process for Fabrication of Buried-Contact Cells Using
Self-Doping Contacts™, filed on Feb. 5, 2004, and of U.S.
Provisional Patent Application Ser. No. 60/542,390, entitled
“Fabrication of Back-Contact Silicon Solar Cells”, filed on
Feb. 5, 2004. This application is related to U.S. patent
application Ser. No. 11/050,184, entitled “Contact Fabrica-
tion of Emitter Wrap-Through Back Contact Silicon Solar
Cells”, by Peter Hacke and James M. Gee, filed concurrently
herewith, and U.S. patent application Ser. No. 11/050,185,
entitled “Back-Contact Solar Cells and Methods for Fabri-
cation”, by James M. Gee and Peter Hacke, also filed
concurrently herewith. The specifications of all said appli-
cations are incorporated herein by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention (Technical Field)

The present invention relates to photovoltaic solar cells
for the generation of electrical power directly from light,
whether natural sunlight or artificial light, and more particu-
larly, to solar cells, and methods for making solar cells,
comprising contacts which are recessed into the front and/or
back surfaces of the cell.

2. Background Art

Note that the following discussion refers to a number of
publications and references. Discussion of such publications
herein is given for more complete background of the scien-
tific principles and is not to be construed as an admission
that such publications are prior art for patentability deter-
mination purposes.

In a typical “buried-contact” silicon solar cell, the current
collection grid is recessed in grooves on the front surface.
By minimizing the surface area occupied by the grid con-
tacts (i.e. grid obscuration), there is more area available for
current collection. However, even though the surface contact
area is less, series resistance losses do not increase because
the contact area increases with respect to the depth of the
contact and there is a larger cross-sectional area for the
conductor. Other advantages of buried-contact cells include
a heavy diffusion that is only in the buried-contact groove
(reduces contact resistance and losses due to recombination
of electrons and holes at the contact) and the contact
metallization is selectively deposited only in the grooves.
Buried-contact cells, and methods for fabricating such cells,
are described in, for example, U.S. Pat. Nos. 4,726,850 and
4,748,130. High-efficiency large-area buried-contact cells
have been demonstrated on both single-crystal and multic-
rystalline silicon substrates.

A representative process sequence for fabricating a bur-
ied-contact cell is as follows:

1. Alkaline etch
. Light phosphorus diffusion (60 to 100 Q/sq)

. HF etch

. Deposit silicon nitride on front or both surfaces

. Laser scribe and etch grooves in front surface

. Heavy phosphorus diffusion in grooves (<20 €2/sq)
. Deposit aluminum on rear surface

. Alloy aluminum through rear dielectric layers

. HF etch
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10. Deposit thin layer of Ni in grooves by electroless
plating

11. Sinter Ni layer

12. Deposit Cu in grooves by electroless plating

As shown in FIG. 1A, a buried contact solar cell made of
a silicon substrate 10 according to the prior art method
comprises light phosphorus diffusion 12 over the illuminated
surface, dielectric layer 18 deposited or thermally grown
over the front surface, and grooves 20 subsequently applied.
After fabrication of grooves 20, as shown in FIG. 1B heavy
phosphorus diffusion 30 is applied, such as by means of a
gaseous diffusion preferably using phosphorus oxychloride
(POCIL,), phosphine (PH,;), phosphorus tribromide (PBr;) or
another gaseous phosphorus precursor, and an aluminum
layer is applied and alloyed in a subsequent step to form an
aluminum-alloyed junction 50 on rear surface of the cell.
Thereafter, the heavily diffused grooves 20 are filled with
metal, such as by electroless deposit of Ni thin layer 42,
followed by sintering of the Ni layer and subsequent elec-
troless deposit of Cu layer 40. The final structure, as shown
in FIG. 1C, results in grooves with heavily doped (e.g. with
heavy phosphorus diffusion) inner surfaces 30 to lower
contact resistance and contact recombination, and metal
grids or contacts 40, 42. Alternatively, a silver (Ag) metal
paste may be applied to the heavily doped grooves, which is
subsequently fired, as disclosed in U.S. Pat. No. 4,748,130.

Prior art buried-contact cells have a number of advan-
tages, including a light phosphorus diffusion over the illu-
minated surface for high collection efficiency, a heavy
phosphorus diffusion inside the grooves for low contact
resistance and low contact recombination, and self align-
ment of the heavy phosphorus diffusion and electroless
metallization to the grooves. There are some simple varia-
tions on the prior art methods, such as using a dicing saw or
diamond saw rather than laser scriber to cut the grooves
(although laser patterning provides finer line geometries).
The primary disadvantage of the prior art process sequence
is the relative complexity, time, and expense of the process.
It would be advantageous to eliminate some process steps,
for example the second diffusion of gaseous phosphorus into
the grooves, to realize the same or an improved device
structure. Further, eliminating electroless plating would be
advantageous, since electroless plating involves use of haz-
ardous chemicals that require stringent controls over waste-
water treatment.

The use of self-doping metal contacts on the surface of
solar cells has been described by Meier et al., U.S. Pat. No.
6,180,869. See also Daniel L. Meier, et al., “Self-doping
contacts to silicon using silver coated with a dopant source,”
28" IEEE Photovoltaic Specialists Conference, pg. 69
(2000). In order to make a doped silicon layer and simul-
taneously provide a contact, the Ag:dopant paste can be
placed directly on the silicon surface or fired through a
silicon nitride layer, although in the latter case the paste must
contain components which dissolve the nitride (see M.
Hilali, et al., “Optimization of self-doping Ag paste firing to
achieve high fill factors on screen-printed silicon solar cells
with a 100 ohm/sq. emitter,” 29” IEEE Photovoltaic Spe-
cialists Conf., New Orleans, La., May 2002). However, the
self-doping metal contact methods have only been applied to
surfaces, and suffer from high shadowing losses due to
spreading out of the self-doping paste on the surface of the
cell.



US 7,335,555 B2

3
BRIEF SUMMARY OF THE INVENTION

The present invention is a method for making a solar cell,
the method comprising the steps of scribing at least one
groove in a cell substrate, disposing a self-doping contact
material within the groove, and heating the self-doping
contact material, thereby simultaneously doping and metal-
lizing the groove. The self-doping contact material prefer-
ably comprises a silicon dopant, preferably comprising
phosphorus. The self-doping contact material preferably
comprises silver, and is preferably a paste comprising silver
particles and phosphorus. The cell substrate preferably com-
prises a p-type silicon substrate and the self-doping contact
material preferably comprises silver and a n-type silicon
dopant. Alternatively, the cell substrate comprises an n-type
silicon substrate and the self-doping contact material com-
prises silver and a p-type silicon dopant.

The heating step preferably further comprises alloying
rear contacts on a rear surface of the cell, and the rear
contacts preferably comprise aluminum. In the method,
scribing at least one groove preferably comprises scribing a
plurality of grooves wherein the depth of the grooves is a
multiple of the width of the grooves.

The present invention is also a solar cell made by the
foregoing method.

The present invention is further a substrate for making a
solar cell comprising a planar semiconductor substrate with
a front surface and a back surface, at least one groove
scribed in a surface of the semiconductor substrate, a self-
doping contact material disposed within the groove. The
self-doping contact material preferably comprises a paste,
and preferably comprises silver. The semiconductor sub-
strate preferably comprises crystalline silicon and the self-
doping contact material comprises a silicon dopant prefer-
ably comprising phosphorus. The semiconductor substrate
preferably comprises a p-type silicon substrate and the
self-doping contact material preferably comprises silver and
an n-type silicon dopant. The semiconductor substrate pref-
erably further comprises a phosphorus diffusion layer on the
grooved surface. The substrate of the present invention
preferably further comprises an aluminum layer on the
surface opposing the grooved surface.

The invention is also a solar cell comprising at least one
groove and a contact disposed substantially within the
groove, the contact comprising a dopant. The contact pref-
erably comprises silver, and the dopant preferably comprises
a silicon dopant, preferably comprising phosphorus.

A primary object of the present invention is to simplify the
process for making buried-contact solar cells.

Another object of the present invention is to provide for
simultaneous doping and formation of a metal contact in a
buried-contact solar cell.

A primary advantage of the present invention is that it
provides a less expensive solar cell with a minimum of grid
obscuration.

Another advantage of the present invention is that it
provides for elimination of numerous steps in the fabrication
of'a buried-contact solar cell, including elimination of heavy
phosphorus diffusion steps and separate steps for electroless
plating or other introduction of one or more metals to form
the buried contact.

Other objects, advantages and novel features, and further
scope of applicability of the present invention will be set
forth in part in the detailed description to follow, taken in
conjunction with the accompanying drawings, and in part
will become apparent to those skilled in the art upon
examination of the following, or may be learned by practice
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4

of'the invention. The objects and advantages of the invention
may be realized and attained by means of the instrumen-
talities and combinations particularly pointed out in the
appended claims.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

The accompanying drawings, which are incorporated into
and form a part of the specification, illustrate one or more
embodiments of the present invention and, together with the
description, serve to explain the principles of the invention.
The drawings are only for the purpose of illustrating one or
more preferred embodiments of the invention and are not to
be construed as limiting the invention. In the drawings:

FIG. 1A depicts a cross section of a silicon substrate of the
prior art in the process of fabrication into which grooves
have been cut;

FIG. 1B depicts a prior art silicon substrate subsequent to
heavy diffusion of phosphorus into the grooves;

FIG. 1C depicts a prior art silicon substrate with the
addition of electroless metals to form a buried-contact solar
cell;

FIG. 2A depicts a cross-section of a silicon substrate with
a light phosphorus diffusion and grooving;

FIG. 2B depicts placement of self-doping metal contact
material into a groove according to the present invention;
and

FIG. 2C depicts a cross section of a buried contact solar
cell of the present invention subsequent to annealing.

DETAILED DESCRIPTION OF THE
INVENTION

The present invention permits elimination of electroless
plating sequences and provides for a simplified process for
fabricating buried-contact solar cell structures, which bur-
ied-contact structures may be on either or both the front and
back cell surfaces, by using a self-doping contact, including
but not limited to a Ag:dopant paste.

A silicon substrate is typically multicrystalline or poly-
crystalline silicon, but other types of silicon substrates may
be employed, including but not limited to single crystal,
tricrystal, and thin crystalline-silicon films on glass or other
substrates. Typically the silicon is a p-type semiconductor
substrate. However, as described hereafter the invention
may also be employed with n-type semiconductor sub-
strates.

A preferred embodiment of the present invention provides
a method for fabricating buried-contact cell structures that
eliminates the heavy diffusion step and replaces the electro-
less plating sequence (two plating and one sintering) with a
single print and fire sequence. This is enabled primarily by
using a self-doping contact material to fill the groove. A
self-doping contact material comprises both an elemental
metal or alloy and a silicon dopant that dopes the silicon
surface during contact formation. The silicon dopant is an
n-type dopant, such as phosphorus (P), antimony (Sb), or
arsenic (As), for making n-type layers. Alternatively, if the
substrate is n-type, the dopant is preferably a p-type dopant,
such as indium (In), aluminum (Al), boron (B), or gallium
(Ga), for making p-type layers. The metal carrier preferably
alloys with the silicon at a relatively low temperature and is
a good conductor. The latter property allows use of the metal
carrier as a grid line for conducting of current from the solar
cell. Candidate materials include, for example, Ag, Al, Cu,
Sn, and Au, with Ag preferred due to its noble nature (it can
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be fired in air with minimal oxidation), good conductivity,
and compatibility with Si material processing (Ag is not a
strong recombination center in Si that could degrade the
solar cell efficiency).

In one preferred embodiment, the self-doping contact
material is a paste, and preferably a paste containing Ag
particles doped with P. The paste is applied to the grooves by
any feasible means, including screen printing, a squeegee
application, or other printing or deposition means. After
application of the Ag:P paste, the solar cell is fired at a
temperature above the Ag:Si eutectic temperature (845° C.)
to produce an Ag grid with a doped contact. The Ag
dissolves some of the Si at the interface when the tempera-
ture exceeds the eutectic temperature, and the precipitated
silicon is doped with phosphorus when the temperature is
decreased. N-type dopants other than P, such as Sb or As, can
be employed, particularly but not exclusively in combina-
tion with Ag. Similarly, while use of a self-doping paste is
preferred, other forms of Ag, and preferably Ag:dopant, may
be employed.

In an alternative embodiment, an Ag paste or other Ag
layer is applied within the groove, again by any feasible
means, including screen printing, a squeegee application, or
other printing or deposition means, including sputtering or
evaporation. Thereafter the Ag layer is coated with a mate-
rial containing an n-type dopant, such as layer containing a
phosphorus compound. Alternatively, if a p-type layer is
desired in the case where the substrate is n-type, the over-
lying layer could contain a material containing a p-type
dopant, such as boron (B), indium (In), gallium (Ga), or
aluminum (Al), again by any feasible means, including
screen printing or other printing or deposition means,
including sputtering or evaporation. The layer containing the
dopant, alternatively, could be placed between the carrier
metal (in this case, Ag) and the Si. The process works
whereby the layer containing the dopant is dissolved into the
metal-Si liquidus after the temperature is raised over the
metal-Si eutectic temperature.

A paste may be made by a combination of a particle form
of Ag and a dopant in liquid form, thereby creating a
self-doping, screen printable paste. The paste formulation
can further include binders, solvents, and so on known and
used in the art to make a screen printable paste. It is also
possible and contemplated to use a fritted paste formulation,
such as a paste containing glass frit, which is particularly
applicable where there is a need to penetrate a silicon nitride
layer.

The self-doping Ag metallization replaces the heavy phos-
phorus diffusion step and three metal plating and sintering
steps of existing processes with just one step—printing or
otherwise disposing a self-doping contact material into the
grooves. The resulting process sequence thus requires fewer
steps and is much simpler than the traditional buried-contact
cell sequence while providing all or virtually all of the same
high-efficiency benefits.

In accordance with the present invention, FIG. 2A depicts
an undoped groove 20 which has been cut in a silicon
substrate 10 with previously applied light phosphorus dif-
fusion 12 layer on the front-surface. The light phosphorus
diffusion layer 12 is preferably capped with dielectric layer
18 prior to the groove formation, which dielectric layer 18
functions as an antireflection coating for the solar cell and
minimizes the metallurgical reaction between any excess
metal printed on the surface outside the groove and diffusion
layer 12. The silicon substrate 10 preferably comprises
p-type semiconductor silicon, however, other substrates may
be employed, including n-type silicon and germanium or
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silicon-germanium substrates with either conductivity type.
The light phosphorus diffusion 12 layer is applied by con-
ventional means, including preferably gas phase diffusion
using liquid POCI;. However, other diffusions sources or
methods may be used, including application of liquid
sources via conventional methods such as coating, dipping
or spin-on application, or solid sources, such as with a
heating of a solid source material, such as P,Os, to high
temperatures. However, in general, conventional gaseous
POCI, diffusion is preferred.

The grooves 20 may be cut or scribed by any method
which will result in a groove of the desired dimension. While
use of laser scribing is preferred, other methods may be
employed, including etching, mechanical milling and the
like. The grooves 20 are longitudinal recesses that run
essentially parallel to one another between opposing edges
on a surface.

Note that in the drawings, and particularly FIGS. 2A to
2C, the dimensions of the grooves 20, thicknesses of the
various layers, and other dimensions are not drawn to scale,
but rather are shown schematically for purposes of illustra-
tion and easy identification. In general, a buried-contact
groove 20 has a depth that is larger than its width, and in a
preferred embodiment has a depth that is a multiple of the
width. For example, a groove 20 may have a width between
about 10 pm and about 50 pum, and preferably about 20 pm,
and will have a depth between about 20 um and about 60 um
(depending in part on the thickness of substrate 10), and
preferably about 40 pm. So too the groove 20 may not have
a rectilinear cross-section, as shown in FIG. 2A, but may
have a rounded bottom, sloping side walls and the like.
Parallel grooves 20 are separated by a distance dependant, in
part, upon design considerations for the cell. However, any
feasible separation is possible, and thus adjacent parallel
grooves 20 may be separated by a distance (from center line
to center line) of from about 1000 um to about 3500 um, and
are preferably separated by a distance of from about 1500
um to about 2500 um. The thickness of dielectric layer 18 in
the completed solar cell (if silicon nitride, with a refractive
index of about 2, is used) is preferably approximately 80 nm,
and the thickness of diffusion layer 12 is preferably approxi-
mately 200 to 1500 nm.

FIG. 2B depicts groove 20 filed with self-doping contact
material 60. The self-doping material 60 may be any as
described above, including preferably a paste including Ag
and a silicon dopant, preferably P. However, self-doping
contact material 60 may alternatively be a dried preparation
of Ag particles coated with P or another dopant, sequentially
applied Ag and dopant (which may be applied either Ag first
and dopant second, or dopant first and Ag second), or other
formulations of self-doping contact material that can be
easily and inexpensively selectively applied into the
grooves.

After application of self-doping contact material 60, the
self-doping contact material is alloyed with the silicon,
preferably by heating or firing at a temperature above the
Ag:Si eutectic (845° C.) to produce an Ag grid with a
self-doping contact, resulting in a structure as shown in FIG.
2C. The Ag dissolves some of the Si at the interface when
the temperature exceeds the eutectic temperature, and the
precipitated silicon is doped with phosphorus when the
temperature is decreased, resulting in a doped layer of
silicon 70 at the inside surface of the groove, with an Ag
contact 80 occupying the groove.

An example of a process sequence of the present inven-
tion using a single phosphorus diffusion step and a self-
doping paste for the grid is as follows:
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. Alkaline etch

. Light phosphorus diffusion (60 to 100 Q/sq)

. HF etch

. Deposit silicon nitride on front surface

. Scribe grooves in front surface, preferably using a laser

. Deposit self-doping paste (e.g., Ag:P) in grooves on
front surface

. Deposit aluminum on rear surface

. Furnace anneal to alloy Ag and Al contacts simulta-
neously

In the foregoing steps, the alkaline etch serves to clean the
surface. Any suitable alkaline etch material may be
employed, such as hot or warm sodium hydroxide. By way
of example, an aqueous solution of between about 2% and
50% sodium hydroxide by weight may be employed, pref-
erably at temperatures of between about 60° C. and about
95° C.

The light phosphorus diffusion is as described above.
Following diffusion, an acid etch step is employed, such as
with an aqueous solution of hydrofluoric (HF) acid, prefer-
ably with 2 to 50% HF acid by weight. Any conventional
method may be employed, including dipping the wafer in a
solution containing HF acid. The oxide from the light
phosphorus diffusion is preferably, but optionally, removed
with an acid such as HF because the oxide can cause
reliability problems, particularly with encapsulated photo-
voltaic modules. Following the HF etch, the bare silicon
surface is preferably, but optionally, passivated by deposi-
tion of a dielectric layer. Silicon nitride (SiN) may be
conventionally deposited by plasma-enhanced chemical
vapor deposition (PECVD) or by low-pressure chemical
vapor deposition (LPCVD), well-known techniques for pas-
sivating silicon surfaces in solar cell fabrication. However,
other methods and materials for passivation, if desired, may
be employed, such as for example thermally growing a layer
of Si0, or deposition of other dielectric materials, such as
Si0,, TiO,, Ta,05 and so on, by various means, such as
printing, spraying, PECVD or the like.

Following passivation, such as with SiN, if desired,
grooves are scribed in the front surface. Preferably a laser is
employed, such as a Q-switched Nd:YAG laser. However,
mechanical scribing or other means, as described above,
may be employed. Optionally after scribing, a cleaning step
may be employed, such as with a chemical solution com-
prising sodium hydroxide or potassium hydroxide.

The grooves 20 are then filled with a self-doping contact
material, such as Ag:P paste. Such filing may be by means
of screen printing, but other means may be employed. While
FIG. 2B shows the self doping contact material 60 filing
only the groove and only to a level of the top surface of
substrate 10, it is possible and contemplated that the self-
doping contact material 60 and resulting contact 80 (as
shown in FIG. 2C) may extend above the surface, and may
optionally be domed.

For a conventional cell, any metallic back contact may be
employed. In a preferred embodiment, as set forth above, an
Al back contact is applied. Application of Al prior to
annealing the Ag:P paste is a particularly preferred embodi-
ment in that a single furnace annealing step may be
employed to simultaneously alloy the Ag in the Ag:P paste
forming a part of the buried-contact and the Al forming a
back contact. The Al back contact may, for example, be
applied by electron beam vaporization, sputtering, screen
printing or other techniques.

Step 4, with the addition of additional masking and
stripping steps, may optionally be performed after metalli-
zation in order to maintain passivation of the SiN layer,
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which can be affected by high metallization temperatures.
Step 5 may alternatively be performed at the start of the
process. If the grooves 20 are passivated, such as with SiN,
then the self-doping contact material 60 optionally and
preferably includes a frit.

In one embodiment, the light phosphorus diffusion may be
applied subsequent to scribing of grooves 20. Typically but
not necessarily with this approach passivation, such as with
SiN, will occur prior to application of self-doping contact
material 60, such that a frit is preferably employed. How-
ever, this approach has the advantage of providing for an
additive effect of n-type dopants within groove 20, that is,
the light phosphorus diffusion will result in partial doping of
the interior of the groove wall surfaces, with substantial
additional n-type doping by means of the use of the self-
doping contact material 60. In this way the doping in the
groove side walls is substantially greater than surface dop-
ing, due to the additive effect of sequential doping steps.

Although the invention has been described in detail with
particular reference to these preferred embodiments, other
embodiments can achieve the same results. Variations and
modifications of the present invention will be obvious to
those skilled in the art and it is intended to cover all such
modifications and equivalents. The entire disclosures of all
references, applications, patents, and publications cited
above, and of the corresponding applications, are hereby
incorporated by reference.

What is claimed is:

1. A method for making a solar cell, the method compris-
ing the steps of:

scribing at least one groove in a cell substrate;

disposing a self-doping contact material within the

groove; and

heating the self-doping contact material, thereby simul-

taneously doping and metallizing the groove.

2. The method of claim 1 wherein the self-doping contact
material comprises a silicon dopant.

3. The method of claim 2 wherein the silicon dopant
comprises phosphorus.

4. The method of claim 1 wherein the self-doping contact
material comprises silver.

5. The method of claim 1 wherein the self-doping contact
material is a paste comprising silver particles and phospho-
rus.

6. The method of claim 1 wherein the cell substrate
comprises a p-type silicon substrate and the self-doping
contact material comprises silver and a n-type silicon
dopant.

7. The method of claim 1 wherein the cell substrate
comprises an n-type silicon substrate and the self-doping
contact material comprises silver and a p-type silicon
dopant.

8. The method of claim 1 wherein the heating step further
comprises alloying rear contacts on a rear surface of the cell.

9. The method of claim 8 wherein the rear contacts
comprise aluminum.

10. The method of claim 1 wherein scribing at least one
groove comprises scribing a plurality of grooves wherein the
depth of the grooves is a multiple of the width of the
grooves.

11. A solar cell, made by the method of claim 1.

12. A substrate for making a solar cell comprising:

a planar semiconductor substrate with a front surface and

a back surface, said semiconductor substrate compris-
ing crystalline silicon;

at least one groove scribed in a surface of the semicon-

ductor substrate; and
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a self-doping contact material comprising a silicon dopant
disposed within said groove, said silicon dopant com-
prising phosphorus.

13. The substrate of claim 12 wherein the self-doping

contact material comprises a paste.

14. The substrate of claim 12 wherein the self-doping
contact material comprises silver.

15. The substrate of claim 1 wherein the semiconductor
substrate comprises a p-type silicon substrate and the self-
doping contact material comprises silver and an n-type
silicon dopant.

10

16. The substrate of claim 12 wherein the semiconductor
substrate further comprises a phosphorus diffusion layer on
the grooved surface.

17. The substrate of claim 16 further comprising an
aluminum layer on the surface opposing the grooved sur-
face.



