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BACK-CONTACT SOLAR CELLS AND
METIIODS FOR FABRICATION

CROSS-REFERENCE TO RELATED
APPLICATIONS

Related applications entitled “Conlact liabrication ol
Iimitter Wrap-Through Back Contact Silicon Solar Cells”,
by Peter Tlacke and James M. Gee, U.S. Ulility patent
application Ser. No. 11/050,184, and cntitled “Buried-Con-
tact Solar Cells With Sclf-Doping Contacts™, by James M.
Gee and Peler Hacke, U.S. Utility patent application Ser. No.
11/050,182, are being [iled concurrently herewith, and the
specification of each is incorporated herein by reference.

This application claims the benefit of the filing of U.S.
Provisional Patent Application Ser. No. 60/542.390, entitled
“Fabrication of Back-Contact Silicon Solar Cells”, filed on
Feb. 3, 2004, and 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, 2

2004, and the specifications thereof are incorporated herein
by reference.

BACKGROUND OF TITE INVENTION

1. Field of the Tnvention (Technical Field):

The present invention relates to methods for making
back-contact solar cells, and particularly cmitter wrap
through (EWT) solar cells with conductive vias, and solar
cells made by such methods.

2. Description of Related Art:

Note that the following discussion relers 1o a number of
publications by author(s) and year of publication. Discus-
sion of such publications herein is given for more complete
background and is not to be construed as an admission that
such publications are prior art lor palentability determina-
fion purposes.

The solar cell design in widespread use today has a p/n
junction formed near the front surface (that surface which
receives the light) which creates an electron flow as light
energy is absorbed in the cell. The conventional cell design
has one set of electrical contacts on the front side of the cell,
and a sccond sct of clectrical contacts on the rear side of the
solar cell. In a typical photovoltaic module these individual
solar cells are interconnected electrically in series o
increase the voltage. This interconnection is typically
accomplished by soldering a conductive ribbon from the
front side ot one solar cell to the rear side of an adjacent
solar cell.

Back-contact silicon solar cells have several advantages
compared to conventional silicon solar cells. The first advan-
tage is that back-contact cells have a higher conversion
elliciency due to reduced or eliminated contact obscuration

losses (sunlight reflected from contact grid is unavailable to 3

be converted into electricity). The second advantage is that
assembly of back-contact cells into clectrical circuits is
casicr, and therefore cheaper, because both polarity contacts
are on the same surlace. As an example, significant cost
savings compared to present pholovollaic module assembly
can be achieved with back-contact cells by encapsulating the
photovoltaic module and the solar cell electrical circuit in a
single step. The last advantage of'a back-contact cell is better
aesthetics through a more uniform appearance. Aesthetics is
important for some applications, such as building-integrated
photovoltaic systems and photovoltaic sunroofs for automo-
biles.
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FIG. 1 provides an illustration of a generic back-contact
solar cell 10. The silicon substrate 12 may be n-conductivity
type or p-conductivity type. One of the heavily doped
emitters, such as p** doped emitter 18 or n** doped emitter
16 may be omitted in some designs. Alternatively, the
heavily doped cmitters 16, 18 may dircctly contact cach
other on the rear surlace in other designs. Rear-surface
passivation 14 helps reduce loss of photogenerated carriers
at the rear surface. and helps reduce electrical losses due to
shunt currents at undoped surfaces between the metal con-
tacts 20.

‘There are several approaches [or making a back-contact
silicon solar cell. These approaches include metallization
wrap around (MWA), metallization wrap through (MWT),
emitter wrap through (EWT), and back-junction structures.
MWA and MWT have metal current collection grids on the
front surface. These grids are, respectively, wrapped around
the edge or through holes (o the back surface in order o
make a back-contact cell. The unique feature of EWT cells,
in comparison to MWT and MWA cells, is that there is no
metal coverage on the front side of the cell, which means
that none of the light impinging on the cell is blocked,
resulting in higher elliciencies. The TWT cell wraps the
current-collection junction (“emitter”) from the front surface
to the rear surface through doped conductive channels in the
silicon wafer. “Emitter” refers to a heavily doped region in
a semiconductor device. Such conductive channcls can be
produced by, lor example, drilling holes in the silicon
substrate with a laser and subsequently forming the emitter
inside the holes at the same time as forming the emitter on
front and rcar surfaces. Back-junction cells have both the
negative and positive polarity collection junctions on the
rear surlace of the solar cell. Because most of the light is
absorbed  and therelbre also most ol the carriers are pho-

5 togenerated—near the front surface, back-junction cells

require very high material quality so that carriers have
sufficient time to diffuse from the front to the rear surface
with the collection junctions on the rear surface. In com-
parison, the LW cell maintains a current collection junction
on the front surface, which is advantageous for high current
collection efficiency. The EWT cell is disclosed in U.S. Pat.
No. 5,468,652, Method Of Making A Back Contacted Solar
Cell, to James M. Gee, incorporated here in full. The various
other back-contact cell designs have also been discussed in
numerous technical publications.

In addition to U.S. Pat. No. 5,468,652, two other U.S.
patents on which Gee is a co-inventor disclosc methods of
module assembly and lamination using back-contact solar
cells, U.S. Pat. No. 5,951,786, Laminated Photovoltaic
Modules Using Back-Contact Solar Cells, and U.S. Pat. No.
5,972,732, Method of Monolithic Module Assembly. Both
patents disclose methods and aspects that may be employed
with the invention disclosed herein, and arc incorporated by
reference as i['set lorth in [ull. U.S. Pal. No. 6,384,316, Solar
Cell and Process of Manulacturing the Same, discloses an
alternative back-contact cell design, but employing MWT,
wherein the holes or vias arc spaced comparatively far apart,
with metal contacts on the front surface to help conduct
current (o the rear surlace, and further in which (he holes are
lined with metal.

Under certain conditions, EWT cells with gas dopant
diffused vias exhibit high series resistance associated with
conduction through the vias. [J. M. Gee, M. E. Buck, W. K.
Schubert, and P. A. Basore, Progress on the Emitter Wrap-

5 Through Silicon Selar Cell, 12(h European Photovollaic

Solar Energy Conference, Amsterdam, The Netherlands,
April 1994]; Gee J M, Smith D D, Garrett S E, Bode M D,
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Jimeno J C: Back-Contact Crystalline-Silicon Solar Cells
and Modules. NCPV Program Review Meeting, 8 11 Sep.
1998, Denver, Colo. One approach to addressing this prob-
lem is to fill vias with metal, such as plated metal. However,
this approach adds significant complexity to the manufac-
turing process and is accordingly more cxpensive. Another
approach is (o increase the density ol vias such that an
acceplable series resistance is allained. TTowever, this also
adds complexity and cost. A preferred approach is to dope
the holes more heavily than the surfaces, as long as the
process maintains simplicity and low cost. At least some
data suggests that conventional gas dillusion, such as gas
phase diflusion using liquid POCI,, results in less dilfusion
within the hole than on horizontal or planar surfaces, pos-
sibly because dopant gasses do not penetrate to the interior
of the hole as effectively as to an exposed surtace. However,
other data found that the hole conductivity was high and
consistent with interior doping similar to the exposed sur-
faces [D. D). Smith, . M. Gee, M. D). Bode, I. C. Jimeno,
Circuit modeling of the emitter-wrap-through solar cell,
IEEE Trans. on Electron Devices, Vol. 46, 1993 (1999)].

A critical issue for any back-contact silicon solar cell is
developing a low-cost process sequence that also electrically
isolates the negative and positive polarity grids and junc-
tions. The technical issue includes patterning of the doped
layers (if present), passivation of the surface between the
negative and positive contact regions, and application of the
negative and positive conduclivily contacts.

BRIEF SUMMARY OF THE INVENTION

‘The present invention is a method [or making an emiller
wrap through (LW'T) solar cell, the method comprising the
steps of: providing a semiconductor waler with a [ront
surface and a rear surface and a plurality of holes connecting
the front surface to the rear surface; applying a first dopant
ditfusion source on the rear surface in a pattern comprising
the rear surface holes; applying a second dopant dillusion
source on the rear surface in a pattern not comprising the
rear surface holes; and diffusing dopants from the first
dopant diffusion source and the second dopant diffusion
source into the semiconductor water by firing. The semi-
conductor wafer preferably comprises silicon, the first
dopant source preferably comprises phosphorus and the
second dopant source preferably comprises boron. The
method preferably further comprises the step of applying the
tirst dopant diffusion source comprising phosphorus to the
front surface in a pattern comprising the front surface holes.
Tn the step of applying the first dopant difTusion source at

least a portion of the holes are preferably filled with the first s

dopant diffusion source.

The method preferably further comprises the steps ol
etching the semiconductor wafer with an acid solution
following the diffusion step; applying a dicleetric layer for

passivation to at least the front surface of the ctched semi-

conductor waler; and applying a [first conductivity type
metal grid 1o the rear surface in a patiern comprising al least
a portion of the first dopant diffusion source pattern and a
second conductivity type metal grid to the rear surface in a
pattern comprising at least a portion of the second dopant
diffusion source pattern.

The invention is also another method for making an EWT
solar cell, the method comprising the steps of: providing a
semiconductor wafer with a front surface and a rear surface
and a plurality ol holes connecting the [ront surluce to the
rear surface; applying a diffusion barrier to the rear surface
in a pattern not comprising the rear surface holes; cleaning
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the wafer; diffusing a first dopant into the water; etching the
waler (o at least partially remove surface oxides; and apply-
ing a first conductivity type metal grid to the rear surface in
a pattern comprising the rear surface holes and a second
conductivity type metal grid to the rear surface in a pattern
scparated from the first conductivity type motal grid by the
difusion barrier pattern. The semiconductor waler preler-
ably comprises p-type silicon, the first dopant prelerably
comprises phosphorus, the first conductivity type metal grid
preferably comprises silver, and the second conductivity
type metal grid preferably comprises aluminum.

‘This method prelerably [urther comprises the step ol
applying a dielectric layer lor passivation o at least a portion
of the surface of the p-type silicon wafer following the etch
step; wherein application of the first dopant phosphorus
source results in a resistance of between about 30 and 60
€/sq; and wherein the step of applying first and second
conductivity type metal grids comprises printing grid pat-
terns and firing. The diffusion source preferably comprises a
second dopant of opposite conductivity type to the first
dopant. The first dopant preferably comprises phosphorus
and the second dopant forming a part of the ditfusion barrier
preflerably comprises boron. The first dopant and second
dopant are preferably simultaneously diffused into the wafer.

The present invention is also a further method for making
an EWT solar ccll, the method comprising the steps of:
providing a semiconductor watcr with a front surface and a
rear surface and a plurality ol holes connecting the [ront
surface to the rear surlace; applying a first spin-on glass
(SOG) diffusion barricr to the rear surface; applying a resist
in a pattern not comprising the rear surface holes: etching the
water to remove first SOG not covered by the patterned
resist; stripping the resist from the waler; diflusing a first
dopant into the waler; etching the waler to al least remove
remaining first SOG; and applying a first conductivity type
metal grid to the rear surface in a pattern comprising the rear
surface holes and a second conductivity type metal grid to
the rear surface in a pattern comprising the resist pattern.
The semiconductor waler prelerably comprises silicon, the
first dopant preferably comprises phosphorus and applying
the first SOG preferably comprises application by spinning
or spraying and furnace densitication. The first SOG pref-
erably comprises a second dopant of opposite conductivity
type to the first dopant.

The present invention is also another method for making
an EWT solar cell, the method comprising the steps of:
providing a semiconductor water with a front surface and a
rear surface and a plurality of holes connecting the front
surface Lo the rear surface; applying a [irst SOG comprising
a [irst dopant to the rear surface; applying a resist in a patlern
not comprising the rear surface holes; etching the wafer to
remove first SOG not covered by the patterned resist;
stripping the resist from the water; applying a sccond SOG
comprising a second dopant ol opposite conductivity type to
the first dopant (o the rear surlace; liring the waler to dilluse
the first dopant and second dopant into the wafer; etching the
wafer to at lcast remove remaining first and second SOG;
and applying a first conductivity type metal grid to the rear
surface in a patlem comprising the rear surface holes and a
second conductivity type metal grid to the rear surlace in a
pattern comprising the resist pattern. This method further
preferably comprises the step of applying a third SOG to the
tront surface of the wafer, the third SOG preferably com-
prising a lower concentration of second dopant than is in the
second SOG. In this method, firing preferably comprises
firing with a plurality of wafers arrayed approximately
parallel and front surface to back surface, whereby second
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dopant from the second SOG on the back surface of a first
waleris dilfused Lo the immediately adjacent [ront surface of
an immediately adjacent second wafer.

The invention is further an EWT solar cell made by any
of the loregoing methods.

A primary object of the present invention is to provide
higher cfticiency EWT solar cells made by a simple and cost
ellective manufacluring process.

Another object of the present invention is to provide a
method for increased doping within conductive vias, thercby
providing for EWT solar cells with decreased series resis-
lance.

Another object of the present invention is to provide a
manufacturing process employing diffusion barriers, and
prelerably dillusion barriers which also serve as a dopant
source, to provide for improved back-contact junction prop-
erties.

Yet another object of the present invention is to provide

for discrete but simultaneous diffusion of two different ,,

dopants, an n-dopant and p-dopant.

A primary advantage of the present invention is that it
provides improved and simpler methods of producing TWT
solar cells at a decreased cost.

Yet another advantage of the present invention is that it 2

provides methods wherein conductive vias and associated
grid lines on the rear surface, and optionally dopant lines on
the front surface, are more heavily doped with an n*-dopant,
preferably phosphorus, than arc the remaining surface arcas.

Other objects, advantages and novel [eatures, 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 arl upon
examination of the lollowing, or may be learned by practice
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, ogether with the
description, serve to explain the principles of the invention.
The drawings arc only for the purpose of illustrating onc or

more preferred embodiments of the invention and arc not to

be construed as limiting the invention. In the drawings:
LIG. 1 s an illustration of a generic back-contact solar
cell 10.
I'IG5. 2A 1s a cross-section o a silicon waler that has been

drilled and etched in a back-contact cell process sequence ol

the invention, and FIG. 2B is a top view of a portion of the
wafer of FIG. 2A.

FIG. 3A is a cross-section of the wafer of FIG. 2 after the
phosphorus- and boron-dilfusion source pastes have been
printed in a back-contact cell process sequence ol the
invention; FIG. 3B is a cross-section of the wafer of FIG. 3A
after dopant diffusion at high temperatures in a back-contact
cell process sequence of the invention; FIG. 3C is a cross-
section of a completed silicon wafer of FIGS. 3A and 3B
made in a back-contact cell process sequence of (he inven-
tion using printed diffusion sources; and FIG. 3D is a top
view showing the phosphorus-diffusion grid patterns.
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FIGS. 4A to 4N are cross-sections showing steps of a
fabrication sequence of the invention for making a back-
contact TWT cell using a printed diffusion barrier.

FIGS. 5A to 5G are cross-sections showing steps of a
fabrication sequence of the invention for making a back-
contact EWT ccll using a SOG application.

IGS. 6A 6L1 are cross-seclions showing steps ol a
fabrication sequence of the invention for making a back-
contact EWT cell using multiple SOG applications.

FIG. 7 is a cross-scction illustration of an autodoping
process of the invention during tube diffusion where wafers
are held vertically.

DETAILED DESCRIPTION OF THE
INVENTION

‘Ihe invention disclosed herein provides lor improved
methods and processes for fabrication of back-contact solar
cells, particularly methods and processes providing for sim-
pler, more reliable and more economical fabrication. It is to
be understood that while a number of different discrete
methods are disclosed, one of skill in the art could combine
or vary two or more methods, thereby providing an alter-
native additional method of fabrication. Tt is also to be
understood that while the figures and cxample process
sequences describe fabrication of back-contact EWT cells,
certain of these process sequences can be used for fabrica-
tion of other back-contact cell structures such as MWT,
MWA, or back-junction solar cells. Tn particular, the meth-
ods under the headings “Use of Printed Diffusion Barriers
and Dopant Diftusion Barricrs” and “Use of Spin-On Glass
Dillusion Barrier” and “Use ol Spin-On Glasses as Dillusion
Barrier and Dopant Sources™ can be directly applied to any
back-contact solar cell, including but not limited to MWT,
MWA and back-junction solar cells. It will be readily
recognized by one of skill in the art that certain modifica-
tions are to be made based upon the difference in structures
ol (he cells, but nonetheless the methods are generally
applicable to back-contact cells.

In certain embodiments, the methods of this invention
provide lor EWT cells with heavier doping (which may be
p** or n**) within the body of the via, which is to say within
the roughly cylindrical side walls of the via, and associated
grid lines or front surface dopant lines, compared to the
remaining horizontal cell surfaces, and more particularly the
remaining front or top surface, which is also doped, but more
lightly. Tor example in a p-type silicon wafer, the conductive
vias will be more heavily n**-doped than is the majority of
the front surface. Preferably, in certain embodiments n™-
doped lines including the via opening arc formed on the
[ront surlace, corresponding (o the rear surlace grid line, and
optionally further including right angle n**-doped lines
intersecting at vias, are provided, with the remaining areas
of the front surface more lightly n*-doped. Thus the resis-
tance is less for current transported to the via and through the
via rather than using a single n* emitter for both the surfaces
and vias. This results in increased elliciency and permils a
decrease in hole density without the need for metallization
of the via.

In each ol the methods herealter described, the waler can
be a conventional thickness, typically greater than 280 to
300 pm, such as a conventional 330 pm wafer. Alternatively,
in the process sequence of this invention the wafer can be
substantially thinner, such as less than about 280 um,

5 preferably less (han about 200 pm, and more prelerably less

than about 100 pm. Thin silicon wafers can be employed
because the process sequence does not include a metal, such
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as an aluminum alloy, covering all or substantially the entire
rear surface of the wafer, typically used to provide a back
surface field (BST) o reduce recombination losses (“pussi-
vation™) at the rear surface. Because of strains due to the
coefficient of thermal cxpansion mismatch between the
water and the back surface ficld BSF (the thermal cxpansion
coctlicient of Al is over 10x larger than that of Si), typically
walers ol greater than 280 microns thickness are employed.
Tn this context, the teaching of commonly owned U.S. patent
application Ser. No. 10/880,190, entitled “Emitter Wrap-
Through Back Contact Solar Cells On Thin Silicon Wafers,”
to Gee and Schmit, and filed on Jun. 29, 2004, is incorpo-
rated by relerence as il set forth in [ull. The waler may be
of any area, such as 25 em? or 100 ¢m? (10 ¢cmx10 ¢m), or
may be larger, such as 156 em® or 225 cm® wafers now being
employed.

In the first step in each of the embodiments described
below, holes 30 utilized to form conductive vias are intro-

duced to a planar silicon wafer 12 having a front surface and
a rear surface as shown in FIGS. 2A and 2B. The holes “

connect the front surface of the wafer to the rear surface, and
are preferably formed by laser drilling, but may be formed
by other processes, such as dry ctching, wet ctching,
mechanical drilling, or water jet machining. For laser drill-
ing, preferably a laser ol suflicient power or inlensily al the
operating wavelength is employed such that holes can be
introduced at the shortest time, such as from about 0.5 ms to
about 5 ms per hole. Onc laser that may be cmployed is a
Q-switched Nd:YAG lascr. By the use of thinner waters the
{ime per hole is proportionally reduced. The diameter ol the
vig hole may be from about 25 to 125 pm diameter,
preferably from about 30 to 60 pm diameter. In one embodi-
ment employing thin wafers, such as wafers with a thickness
of 100 um or less, the via hole diameter is approximately
greater than or equal to the waler thickness. The via hole
density per surlace area is dependent, in parl, on the accepl-
able total series resistance loss due to current transport in the
cmitter through the holes to the rear surface. This may be
determined either empirically or by theoretical calculations;
by the methods of this invention the via hole density may be
decreased due to decreased resistance, such as determined
by ©/sq. Typically the via hole density is one hole per 1 mm?
to 2 mm® surface area, but may be a lower density, such as
one hole per 2 to about 4 mm?.

Following introduction of holes, such as by laser drilling,
an alkaline etch step is typically and conventionally
employed, in parl (o minimize irregularities resulting from
introduction of the holes. Any conventional method may be

cmployed, such as cmploying 10% by weight sodium |
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hydroxide or potassium hydroxide at a temperature of from

about 80° C. to about 90° which results in removal ol
approximately 10 pm ol surlace.

Use ol a Phosphorus-Diffusion Source Paste

In one embodiment ol the invention, printed dilTusion :

sources are employed, preferably screen printed diffusion
sources, to provide dopant for the interior of the holes. While
printed diffusion sources arc known, as taught in U.S. Pat.
No. 4,478,879, such materials have never been employed in
LW cell structures, or employed to creale a higher
n-dopant concentration within and immediately adjacent the
holes, thereby providing decreased series resistance. Appli-
cants have unexpectedly found that selective application of
a printed diffusion source, such as a phosphorus-diffusion
source, 10 the area of the holes, and including the grid lines
of which the holes for a part. results in substantially higher
dopant concentration and decreased resistance. A represen-
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tative process sequence for fabrication of a back-contact
T'WT cell using printed diffusion sources is shown below.

1. Laser drill

2. Alkaline etch

3. Print and dry phosphorus-diflusion source on [ront
surface

4. Print and dry phosphorus-ditfusion source on rear
surlace

5. Print and dry boron-dittusion source on rear surface

6. Diffuse dopants into silicon in high-temperature fur-
nace

7. L' efch (hydrophobic both surlaces)

8. PECVD on front surface

9. PECVD on rear surfuce

10. Print and dry Ag paste [or negative-polarity grid

11. Print and dry Ag:Al paste lor positive-polarity grid

12. Fire contacts

The foregoing process sequence is generally described in
FIGS. 2A through 3D, which illustrate the fabrication
sequence of this method and also disclose other advantages.
FIG. 2A shows a cross-section view of wafer 12 after it has
been drilled and etched to produce holes 30, which are steps
1 and 2 immediately above. FI1G5. 2B is a top view of a partial
portion of wafer 12, showing a plurality of holes 30 in a
spaced array. FIG. 3A is a cross-scction view of wafer 12
after the phosphorus-ditfusion paste 32 has been printed on
the [ront surface and rear surface, in a pattern designed such
that each row of holes 30 is covered by a line of paste 32.
The boron-diffusion source paste 34 is printed on the rear
surtace, preferably such that interdigitated grid arcas arc
formed between pastes 32 and 34. Thus FIG. 3A shows the
resulting waler aller steps 3 through 5 immediately above.
These pastes convert into diffusion-source oxides after dry-
ing and firing of the paste at high temperatures.

FIG. 3B shows the wafer after the dopant diffusion at high
temperatures. Boron is diffused into the silicon beneath the
boron-ditfusion oxide, resulting in boron diffusion layers 40.
Phosphorus is diffused into the silicon beneath the phospho-
rus-diffusion oxide, resulting in phosphorus diffusion layers
36. Layers 36 are heavily doped because phosphorus dif-
tuses readily and at higher surface concentration than boron.
The entire region inside hole 30 is heavily doped, even it the
dopant paste 32 does not fill hole 30 completely, because the
interior surfaces of hole 30 are saturated with dopant from
the dopant pastes 32 on the front and rear of the hole. The
heavily doped surface 36 is advantageous, becausc it reduces
contact resistance to the grid which is subsequently applied
(o the rear surlace, reduces electrical resistance losses for
conduction through the holes 30, and reduces electrical
resistance losses on the front surface for conduction to the
holes 30. As turther shown in FIG. 3B, light phosphorus
diffusion layers 38 arc produced on the cxposed silicon
surlaces on both the [ront and rear surfaces. Phosphorus for
light phosphorus dilTusion layers 38 comes [rom dopant in
dopant paste 32 evaporated from the phosphorus-diffusion
oxide during the high temperature diffusion. Boron also
cvaporates from the boron-diffusion oxide, but it has a nuch
lower vapor pressure, and (hus it is primarily phosphorus
that is diffused into the exposed surlaces. The light phos-
phorus diffusion layers 38 are advantageous on the front
surface because light phosphorus diffusion provides both the
best current collection and lowest surface recombination.
‘The light phosphorus diffusion layers 38 are also advanta-

5 geous on the rear surlace because (he phosphorus passivates

the rear surface, and further makes it less likely to cause
electrical shunts where the phosphorus layer 38 contacts the
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boron diffusion layers 40. Hence, this process sequence
produces a cell structure with a high efliciency potential.

Tollowing dopant diffusion at high temperatures, an etch
step (HF etch) using an aqueous solution of hydrofiuoric
(HF) acid is typically cmployed. Any suitable acid ctch may
be cmployed, such as 10% HF acid. Any conventional
method ol applying (he elchant may be employed, including
dipping the waler in a solution containing TTF acid. Suffi-
cient HF acid is applied for a period such that the front and
rear surfaces are rendered hydrophobic, which may casily be
ascertained trom the “sheeting” cffect of the aqueous HF
acid solution when a waler is removed [rom solution.

“The bare silicon surlace resulting from the 1117 etch may
require passivation by deposition of a dielectric layer. A
silicon nitride (SiN) layer deposited by plasma-enhanced
chemical vapor deposition (PECVD) is a well-known tech-
nique for passivating silicon surfaces in solar cell fabrica-
tion. Alternatively, a layer of Si0, may be thermally grown
or other dielectric materials. such as Si0,, TiO,. Ta,0s, and
50 on, may be deposited by various means, such as printing,
spraying-on, or chemical vapor deposition, for surface pas-
sivation.

Tn general, as discussed below the difTusion-barrier oxide
does not need to be completely removed if it has the
following properties: a good interface with low recombina-
tion with the silicon, and Ag:Al or other p-type contacts can
be fired through the material and make low resistance
contact o the p-type silicon substrate, in one embodiment by
employing a glass [vit in screen printed contact material.
Leaving the diffusion-barrier oxide in place allows climina-
tion of at least onc processing step, PECVD deposition on
rear surface.

Lollowing passivation, the negative-polarity grid contacts
and the positive-polarity grid contacts are applied. Any
conventional method of grid metal application may be
cmployed, such as screen-printing an Ag paste for the
negative-polarity grid and an Ag:Al paste for the positive-
polarity grid. The paste may be made by a combination of a
particle lorm ol Ag or Ag:Al, as appropriate, in a liquid
formulation which may further include binders, solvents,
and so on known and used in the art to make a screen
printable paste. It is also possible and desirable to use a paste
formulation containing 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% TEER
Photovoltaic Specialists Cont., New Orleans, La.. May
2002, incorporated here by reference), such as a glass frit.
“The waler is then [ired (o metallize the grid contac

TIG. 3C shows the completed solar cell, aller application s

of Ag paste for the negative-polarity grid and Ag: Al paste for
the positive-polarity grid. resulting after firing in Ag nega-
tive-polarity grid contacts 42 and Ag:Al positive-polarity
grid contacts 44. The PLCVD silicon nitride layers, which

may oplionally be applied, are not shown lor clarity. Note

that in all the drawings, both here and elsewhere in the
application, the dimensions of the holes and silicon sub-
strate, spacing and rclative sizes of various component
structures, thicknesses of (he various layers, and other
dimensions are not drawn (o scale, but rather are shown
schematically for purposes of illustration and easy identifi-
cation.

As shown in FIG. 3D, in one embodiment the result of
screen printing the diffusion source, and particularly the
phosphorus-dillusion source, is that a desired paltern 36
results incorporating the via holes 30 and further providing
increased dopant concentration and  corresponding
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decreased resistance along, for example, the negative-polar-
ity grid. Patlern 36 is optionally and prelerably present on
the front surface and rear surface resulting from application
of dopant paste 32 on both the front and rear surface. On the
rear surtace, the pattern 36 is subsequently partially covered
by metallized grid contacts 44; however, there is no such
covering on the [ront surlace. It is also possible, such as on
the [ront surface, 1o provide increased dopant concentration
grids in both the x-axis and y-axis, resulting from the pattern
of screen printing a phosphorus-diffusion source, such that
a via is present at the intersection of cach x-axis grid line
wilh each y-axis grid line, thereby providing lor enhanced
collection.

It is also possible to provide a light n* dopant diffusion
using a gaseous source, for example, phosphorus oxychlo-
ride (POCL;) and subsequent oxidation to drive in and
provide surface passivation on the front and rear surfaces.
Preferably (his process step is employed prior (o (he 1117 elch
step to remove the printed diffusion source oxides. In yet
another related embodiment, a gas diffusion POCI, step is
cmployed as described. and the step of printing a phospho-
rus-diffusion source on the front surface is omitted. In each
such embodiment, the resulting phosphorus doping within
the structure of the hole is still significantly higher than the
average or mean phosphorus doping on either the front or
rear surfaces.

Similar process sequences can be used for fabrication of
other back-contact cell structures. In (his embodiment, (he
PRCVD deposition, particularly on the rear surface, is not
required if the diffusion-source oxides have a low-recombi-
nation interface with the silicon substrate, and if the Ag and
Ag:Al contacts can be fired through the oxide with low
conlucl resistance, such as by employing [ritted Ag paste and
[ritted Ag:Al paste.

Use of Printed Diffusion Barriers and Dopant Diffusion
Barricrs

In another embodiment of the invention, a printed diffu-
sion barrier, to prevent or limit diffusion of n* dopants such
as u gaseous phosphorus dopant applied by use o POCL,, is
employed. Preferably the printed diffusion barrier also pro-
vides a source of p* dopant, such as boron. Directly printing
a diffusion barrier permits simple and direct application of
patterning steps. Materials suitable for use as diffusion
barriers are available; for example, Ferro Corporation

5 (Cleveland, Ohio) offers pastes for screen printing of TiO,

for antireflection layers, tantalum oxide-based material as a
phosphorus diffusion barricr, and borosilicate glass for a
boron diffusion source. All these materials provide good
barriers dunng phosphorus dilfusion, though use ol certain
have not pre-
viously been described as providing a phosphorus diffusion
barrier The borosilicate glass composition offers the addi-
tional benefit of providing boron diffision beneath the
barrier malerial to help passivate the surlace and reduce
contact resistance [or the positive polarity contact. 'The
diffusion barrier material is applied in the desired pattern,
such as by screen printing, although alternative methods of
application may be employed, such as ink jet printing,
masking or stenciling, provided that such methods resull in
patterned diffusion barrier malerial.

In this embodiment and the embodiments following, the
n* dopant diffusion is preferably performed using a gaseous
source, for example, POCI, for phosphorus dittiisions. Other
diffusion sources, such as solid source or spray-on ditfusion
sources, can allernatively be employed. The oxide [rom the
phosphorus diffusion is generally removed with HF acid
because it can cause reliability problems for encapsulated
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photovoltaic modules. Hence, the preferred sequence strips
the phosphorus oxide [rom the phosphorus difTusion and the
diffusion-barrier oxide with ITF acid etch. The bare silicon
surface may require passivation by deposition of a dielectric

layer. SiN deposited by PECVD is a well-known technique

for passivating silicon surfaces in solar cell fabrication.
Allematively, a layer of 8iO, may be thermally grown or
other dielectric materials, such as S10,, TiO,, Ta,()s. and so
on, may be deposited by various means. such as, for
cxample, printing. spraying-on, chemical vapor deposition,
for surface passivation.

In general, as discussed below the dilfusion-barrier oxide
does not need to be completely removed if it has the
following properties: a good interface with low recombina-
tion with the silicon, and Ag:Al or other p-type contacts can
be fired through the material and make low resistance
contact fo the p-type silicon substrate, in one embodiment by
employing a glass [ril in screen printed contact material.
T.eaving the diffusion-barrier oxide in place allows elimina-

tion of at least one processing step, PECVD deposition on 2

rear surface.

One representative process sequence for fabrication of a
back-contact TWT cell using a printed difTusion barrier is
shown below. The sequence provides for removal of the

diffusion-barrier oxide (the “HF etch, hydrophobic both 2z

surfaces” step as discussed above), and replaces the diffu-
sion-barricr oxide with an applicd surface passivation step,
such as a PELCVD SiN layer for surlace passivation. llow-
ever, here loo the dilfusion barrier oxide need not be
completely removed and replaced with the PECVD SiN if
the diffusion barrier oxide has good interface with the
silicon, thereby resulting in climination of one processing
step.

—

Laser drill
Alkaline etch
Print diffusion barricr
Dry and fire
Etch and clean wafer
POCI; (30 1o 60 Q/sq)
HF etch (hydrophobic both surfaces)
PECVD nitride on front surface
. PECVD nitride on rear surface

10. Print Ag for negative-polarity grid

11. Print Ag:Al or Al for positive-polarity grid

12. Fire contacts

Alternative embodiments of the method are possible and
contemplated. In onc preferred alternative cmbodiment,
FIG. 4A depicts water 12 with diffusion barriers 90, such as
a 110, paste, applied such that the space between immedi-
alely adjacent paired difTusion barriers 90 will be utilized as
the positive-polarity grid in a subsequent step. Thus pro-
cessing steps | through 4 above are followed to result in the
device of FIG. 4A. However, thercafter a phosphorus dif-
fusion step, such as uvsing POCL; (30 to 60 Q/sq), is

R

employed, resulting in the device ol I'lGG. 413 with n* :

diffusion layers 92. Alternatively, other n* dopants may be
cmployed. An etch step is then employed, to ctch the
phosphorus glass formed during POCL, diffusion, with the
dillusion barriers 90 remaining in place. SiN is then con-
ventionally deposited by PLCVD, or alternatively by other
methods and materials for passivation. Following SiN depo-
sition on both sides (not shown), a negative contact Ag grid
is screen printed and a positive contact Ag: Al grid, or more
preferably an Al grid, is screen printed, and the wafer fired.
‘I'he resull, as shown in FIG. 4C, is a cell with dillusion
barriers 90, positive screen printed Ag:Al or Al grid sub-
strate 96, and negative screen printed Ag grid substrate 98.
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As shown in FIG. 4C, the screen printed positive grid
substrale 96 may partially overlap a portion of diflusion
barriers 90, or alternatively (not shown) may be disposed
wholly between the side edges of diffusion barriers 90. The
screen printed Al (which may be an Al alloy. such as Ag:Al,
or may be substantially Al), is applicd to an cxisting n-type
difusion layer, as shown in I'lGi. 4C. llowever, on [iring (he
Al-based metallization forms a p* layer in place of the
existing n* diffusion layer. A frit may be included in positive
screen printed Ag:Al or Al grid substrate 96. Thus the n™
region underneath the p-type contact is successtully over-
doped; that is, a spiking contact through the n* region is
made with the p-lype substrate. In another variant, (he
Al-dopant metal is fired at a temperature above the Ag—Si
eutectic temperature so that the contact is alloyed with the
silicon. Thus as shown in FIG. 4D, upon firing the n*
diffusion layers 92 immediately adjacent the positive screen
printed Ag:Al or Al grid substrate 96 are over-doped by (he
Al in the grid substrate, resulting in contacts 96.

In yet another particularly preferred embodiment, the
ditfusion barricr compriscs a source of p* dopant, preferably
boron. Thus as shown in FIG. 4E screen printed boron
diffusion barriers 94 are provided, such as a TiQ, paste
containing a boron compound, such as in one embodiment
a boron oxide species. The paste for boron diffusion barrier
94 is formulated such that a light boron diftision results, as
hereafter described. Other p-type acceptors may alterna-
tively be employed to form a dillusion barrier including a
doped dielectric paste, including but not limited 10 alumi-
num, gallium or indium, most preferably oxide compounds
of onc or more of the foregoing. In one embodiment, the
ditfusion paste provides more than onc p+ dopant, preferably
in an oxide form. Altematively (he boron or other p-dopant
barrier can be sprayed, ink jet printed, or applied by means
other than screen printing. When phosphorus is diffused into
the silicon to create an n* doped region. the p-type acceptor
in the diclectric preferably diffuses into the substrate at the
same time, creating a p-type region while saving a process-
ing step. Thus [ollowing screen printing and cure of boron
diffusion barrier 94, a phosphorus diffusion step, such as
using POC, (30 w 60 Q/sq). is emploved, resulting in the
co-ditfision of boron and phosphorus. As shown in FIG. 4F,
the resulting structure include n* diffusion layers 92, pret-
erably diffused to approximately 30-50 €/sq in one
example, and p* diffusion layers 100, preferably diffused to
approximately 100 to 500 Q/sq in the same example. An
ctch step is then employed, to ctch the phosphorus glass
formed during POCI; diftusion, with the boron diffusion
barriers 94 remaining in place. SIN is then conventionally
deposited by PRCVI), or alternatively other methods of
surface passivation are employed. Following SiN deposition
on both sides (not shown), a negative contact Ag grid is
screen printed and a positive contact Ag:Al grid, or more
prelerably an Al grid, is screen printed, and (he waler [ired.
The result, as shown in IIG. 4G, is a cell with boron
diffusion barriers 94, positive screen printed Ag:Al or Al
grid substrate 96, and ncgative scrcen printed Ag grid
substratc 98. As shown in FIG. 4G, the screen printed
positive grid substrate 96 may partially overlap a portion of
boron diflusion barriers 94, or allernatively (not shown) may
be disposed wholly between the side edges of boron diffu-
sion barriers 94. The screen printed Al (which may be an Al
alloy, such as Ag:Al, or may be substantially Al). is applied
to an existing n-type diffusion layer, as shown in FIG. 4G.
However, on [iring the Al-based metallization forms a p*
layer in place of the existing n* diffusion layer. A frit may be
included in positive screen printed Ag:Al or Al grid substrate
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96. Thus the n* region underneath the p-type contact is
success[ully over-doped: that is, a spiking contact through
the n°° region is made with the p-type substrate. Tn another
variant, the Al-dopant metal is fired at a temperature above
the Ag-Si cutectic temperature so that the contact is alloyed
with the silicon. Thus as shown in FIG. 4H, upon firing the
n* dillusion layers 92 immediately adjacent the positive
screen printed Ag:Al or Al grid substrate 96 are over-doped
by the Al in the grid subsuate, resulting in contacts 96
adjacent to and in contact with p~ diffusion layers 100.

In yet another preferred embodiment, as shown in FIG. 41
a dillusion barrier 90 is applied, lollowed by an n* dillusion
step, such as phosphorus dillusion using POCL, (30 1o 60
£/5q), resulting in n* diffusion layers 92, also as shown in
FIG. 41. Following SiN deposition on both sides (not
shown), a negative contact Ag grid is screen printed and a
positive contact Ag: Al grid, or more preferably an Al grid,
is screen printed. The result, as shown in 111G, 4], is a cell
with diffusion barriers 90, positive screen printed Ag: Al or

Al grid substrate 96, which contains a frit or other substance 2

to drive the substratc 96 through barrier 90, and negative
screen printed Ag grid substrate 98. The screen printed Al
(which may be an Al alloy, such as Ag:Al, or may be
substantially Al), is applied directly to an the diffusion

barrier 90, as shown in FIG. 41. However, on firing the 2

Al-based mctallization drives through the barrier 90, as
shown in FIG. 4K, with the Al forming a p™ layer thercunder
(not shown).

Tn a related preferred embodiment, as shown in T1G. 4T,
a diffusion barrier 90 is applicd, followed by an n* diffusion
step, such as phosphorus diffusion using POCI; (30 to GO
Q/sq), resulting in n* ditfusion layers 92, followed by
application ol a patlerned resist §6. L'ollowing application ol
the resist 56 and SiN deposition on both sides (not shown),
an etch step is employved to etch and remove the exposed
portion of diffusion barrier 90, as shown in FIG. 4M.
Following ctch removal of the diffusion barricr 90, the resist
56 is removed and the wafer is cleaned. A negative contact
Ag grid 98 is screen printed and a positive contact Ag:Al
grid 96, or more preferably an Al grid 96, is screen printed.
The result, as shown in FIG. 4N, is a cell with diffusion
barriers 90, positive screen printed Ag:Al or Al grid sub-
strate 96, and negative screen printed Ag grid substrate 98.
‘I'he screen printed Al (which may be an Al alloy, such as
Ag:Al, or may be substantially Al), is applied to the pat-
terned portion of diffusion barrier 90 removed by the resist
and ctch step, as shown in FIG. 4M. Thus on firing the
Al-based metallization makes direct contact with silicon 12,
as shown in I'1G. 4N, with the Al lorming a p* layer
thereunder (not shown).

Tn yet another related and alternative embodiment, the
process sequence can be cmployed to produce patterned
diffusions by using different printed diffusion sources as the
dillusion barrier. As discussed herein, different pastes are

available, [or example [rom Ierro Corporation, [or perlorm-

ing either boron or phosphorus diffusions, and may be
formulated to act as diffusion barricrs. Thus while the
cmbodiment described above employs p-type silicon waters
with a boron doped dilTusion barrier, other embodiments are
possible and contemplated.

It is also possible to include, for example, an n* diffusion
paste, preferably which does not include a diffusion barrier
component, for use in forming a higher n** region, prefer-
ably a grid including the holes 30. Lhese pastes can be
applied by screen printing. Following application, the pastes
are dried to remove organics and volatile materials, and fired
at a high temperature to diffuse the dopant into the silicon.
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The pastes generally contain oxides of the dopant elements;
the oxides can be removed after the dopant diffusion by I1FF
acid etch.

This process may optionally be modified to produce a
sclective emitter structure in the solar cell. For this cmbodi-
ment, the holes and rear surface arc preferably more heavily
doped lor low resistance, while the [ront surface is more
lightly doped. providing higher current and voltage. Tn the
above process, step 6 would be replaced by a lighter POCI,
diffusion (preferably 80 to 100 Q/sq). After step 9. a sccond,
heavy POCI, diftusion (preferably less than approximately
20 Q/sq), would be performed, prelerably lollowed by an
11I' etch to remove phosphorus diflusion glass and some
nitride to form an anti-reflection coating on the front surface.
This variant works best when the nitride is at most only
slightly deposited within the holes, and preferably not
present there at all: thus use of an anisotropic PECVD
process is preferred.

Use of Spin-On Glass Diffusion Barrier

In another embodiment, a back-contact cell process
sequence cmploys deposition of spin-on glass (SOG) and
screen-printed resist patterning. The SOG is used as a barrier
during the emitter dilfusion step (“diflusion barrier oxide™).
The SOG is deposited by conventional means, such as by
spinning or spraying, and is preferably dried and densified in
a furnace. Preferably the SOG is also cmployed to deposit
any of a varicty of diclectric materials. Thus the SOG may
be silica (Si0,), borosilicate glass (B8G), BSG mixed with
other p-type dopant oxides (Ga, Al, Tn, etc.), phosphosilicate
glass (PSG), titania (TiO,), and so on. SOGs of this type arc
known in the industry, and Filmtronics (Butler. Pa.) offers a
varicty of such materials. The SiO, film is particularly
advantageous because Si0, lorms an excellent low-recom-
bination interface with the silicon waler. The borosilicate
and phosphosilicate glasses have the added advantage of
acting as a dopant source of boron or phosphorus, respec-
tively. The lightly doped junction beneath the densified BSG
or PSG layer helps improve cell performance and passivate
the surface. SOGs have the additional advantage ol being
relatively non-toxic and simple to process. Prior art meth-
ods. as disclosed in U.S. Pat. No. 5,053,083, have employed
compounds such as phosphine and silane or diborane and
silane, compounds which are toxic and require specialized
handling and processing equipment.

The SOG is patterned by first printing an etch resist, and
then performing a chemical etch. The printing is preferably
done with a screen printer, but other printing methods. such
as ink jet, stencil, offset printing and the like, can also be
employed. Any ol a variety of materials can be used [or the
elch resist. The only requirements for the resist are that it be
printable and that it resists the chemical etchant solution.
Aqueous solutions using HF acid are widely known for
ctching of oxide matcrials.

A representative process sequence is described below [or
labrication ol a back-contact BW'I" solar cell using SOG as
a diffusion barrier. A similar process sequence can be used
for other back-contact cell structures, such as MWA, MWT,
or back-junction solar cells. The screen-printed Ag grids for
the negative and positive polarily contacls are prelerably
[ired through the silicon nitride to make contact to the
silicon, which is well known in the art.

In the process sequence for forming back-contact EWT
solar cells using SOG patterned with screen-printed resist, a
p-type silicon semiconductor substrate is provided. lhe
silicon substrate is typically multicrystalline or polycrystal-
line silicon, but other types of silicon substrates may be
employed, including but not limited to single crystal silicon.




US 7,144,751 B2

15

The first and second steps. laser drilling holes and etching,
are as described above. Tn the third step, SOG is applied. As
discussed above, the SOG serves both as a barrier during the
emitter diffusion step and optionally and preferably to
deposit diclectric materials. The SOG is deposited by con-
ventional means, such as by spinning or spraying, or by
allernative means such as dipping in a solution including the
SOG malerial, and is then dried and densified in a lurnace.
Preferably the SOG is SiO,, BSG. BSG mixed with addi-
tional p-type dopant oxides, PSG, or TiO,. Typically, the
SOG is applicd to the rear surface, and after furnace den-
sification results in a thickness ol about 0.1 to 1 pm.

After densification of (he SOG, a resist is printed, such as
by screen printing, but alternative methods of introducing a
patterned resist can be employed. The resist pattern provides
a pattern for at least one set of contact grids, typically
interdigitated contact grids in patterns well known in the art,
such as here lor a positive-polarity grid. Any suitable resist
material may be employed; however, it is important to note

that a photoresist material is not emploved, but rather a 2

chemical resistant resist marterial, and specifically an acid
resistant material, such that the SOG is not removed from
the patterned area when the waler is subjected 1o acid etch
treatment.

Following printing and drying of the resist, the wafer is
ctched to remove the SOG other than from arcas covered
with the resist. Any suitable acid ctch may be cmployed,
provided (hat the resist is not removed by the chemical
elchant solution. Tn one prelerred embodiment, an aqueous
solution of HF acid, such as 10% HF acid, is ecmployed. Any
conventional method of applying the ctchant may be
employed, including dipping the wafer in a solution con-
taining 111 acid. The SOG is removed [rom the interior ol
the holes during (his step, as well as [rom planar [ronl and
rear surfaces not covered with the resist.

Following the ctch step. the resist is stripped and the
wafer cleancd. The chemical solution or other method
employed to remove the resist depends on the resist that was
used. The waler can also be [urther cleaned, using suitable
chemical cleaning solutions, for example comprising hydro-
gen peroxide and sulfuric acid. The result is a patterned
wafer, wherein the SOG is present only in the areas where
the resist had been applied.

Acomparatively heavy phosphorus diffusion is applied by
conventional means, including preferably gas phase diffu-
sion using liquid POCly, to result in 40 o 60 Q/sq surface
resistivity. However, other diffusions sources or methods
may be used, including application of liquid sources con-
ventional methods such as coaling, dipping or spin-on

application, or solid sources, such as with a heating ol a solid s

source material, such as P,0s, to high temperatures. In
general, conventional gascous POCL; diffusion is preferred.

Following phosphorus diffusion, the wafer is again
chemically etched, such as by using 111’ acid. Sullicient 111°

acid 1s applied for a period such that the [ront and rear :

surfaces are rendered hydrophobic, which may easily be
ascertained from the “sheeting” cffect of the aqueous HF
acid solution when a wafer is removed from solution.

Following the second elch step, the bare silicon surlace on
the front side and the rear side is prelerably, bul optionally,
passivated by deposition of a dielectric layer. SIN may be
conventionally deposited by PECVD, or alternatively other
methods and materials for passivation may be employed. As
discussed herein, if the rear surface diffusion-barrier oxide is
not removed such as by chemical etching, which is feasible
under certain conditions as discussed above, then passiva-
tion of the rear surface may be omitted.
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Following passivation, the negative-polarity grid contacts
and the posilive-polarity grid contacts are applied. Any
conventional method of grid metal application may be
employed, such as screen-printing an Ag paste for the
negative-polarity grid and an Ag:Al paste for the positive-
polarity grid. The pastc may be made by a combination of a
particle form ol Ag or Ag:Al, as appropriate, in a liquid
formulation which may further include binders, solvents,
and so on known and used in the art to make a screen
printable paste. It is also possible and desirable to usc a paste
formulation containing components which dissolve the
nitride (see M. Llilali, supra), such as a glass [rit. The waler
is then fired (0 metallize the grid contacts.

It may thus be seen that this method may be summarized
as follows, it being understood that certain steps may be
performed in an order other than that given, and still result
in the desired product:

1. Laser drill holes
2. Alkaline etch wafer
3. Apply SOG
4. Density SOG
3. Print resist
6. Tiich SOG
7. Strip resist and clean wafer
8. POCI, diffusion (40 to 60 Q/sq)

HEF ctch, hydrophobic both surfaces

10. PECVD nitride on front surface

11. PECVD nitride on rear surlace

12. Print Ag [or negative-polarity grid

13. Print Ag:Al for positive-polarity grid

14. Fire contacts

As shown in FIG. 5A, holes 52 arc lascr drilled and
alkaline etched in a silicon subslrale, prelerably p-lype
silicon waler 50. A p-type SOG 54 is then applied 1o the rear
surface as shown in FIG. 5B, such as BSG or BSG or another
SOG mixed with other p-type dopant oxides, such as Ga, In
or Al. A printed etch resist 56 is then applied in a pattern
corresponding to the desired grid. Following an etch step,
such as 111" acid etch, a p-type pattern SOG 54 results, as
shown in FIG. 5C. The p-type SOG in hole 52 is also
removed during the etch step, such that the remaining
structure consists solely of patterned p-type SOG 54 which
is covered by resist 56. As shown in FIG. 5D, the resist is
then removed, such that only patterned p-type SOG 54

R

5 remains on wafer 50. A heavy POCI, diffusion (40 to 60

Q/sq) is then performed, resulting in n-type diffusion layers
62 and p-type ditfusion in layers 64 as shown in FIG. SE.
FIG. 5F shows the water after the HF acid etch step and
removal ol the dopant SOG glasses 54. I'lGG. 5G shows the
completed solar cell, alter application of Ag paste for the
negative-polarity grid and Ag:Al paste for the positive-
polarity grid. resulting after firing in Ag negative-polarity
grid contacts 72 and Ag:Al positive-polarity grid contacts
70. The PECVD silicon nilride layers, which may optionally
be applied, are not shown for clarity.

Inan alternative embodiment, the SOG material is applied
in the desired pattern. such as ink jet printing, offset printing,
or by suitable masking or stenciling, resulting in patterned
SOG material. By use of this method, it is possible to
eliminate (he resist print and associated elch and strip steps,
resulting in considerable reduction in complexity of the
process steps.

Use of Spin-On Glasses as Diffusion Barrier and Dopant
Sources

In yet another embodiment, the invention provides alter-
native methods employing use of a printed SOG material or
of SOG applied by spin-on or spray-on techniques, for
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fabrication of a back-contact EWT cell. The process simi-
larly starts with application and palterning of a SOG to
define the p-type contact region on the rear surface. The
densified SOG contains borosilicate glass, or other inorganic
compounds that provide p-type dopants, so that there will be
a p-type dittusion in the p-type contact region. Alternatively,
this process can slart with the printing and [iring ol a
borosilicate glass paste. A SOG containing an n-type dopant
(generally phosphosilicate glass) is applied on the rear
surface and over the previous pattern. A single high-tem-
perature furnace step simultancously ditfuses the phospho-
rus and boron into the rear surlace in the desired pattern.

As shown in I'IG. 6A, holes 52 are laser drilled and
alkaline etched in a silicon substrate, preferably p-type
silicon wafer 50. A p-type SOG 54 is then applied to the back
side as shown in FIG. 6B, such as BSG or BSG mixed with
other p-type dopant oxides, such as Ga, In or Al. A printed
elch resist 56 is then applied in a pattern corresponding o
the desired grid. Following an etch step, such as HF acid

etch, a p-type pattern SOG 54 results, as shown in FIG. 6C. 2

The p-type SOG in hole 52 is also removed during the ctch
step, such that the remaining structure consists solely of
patterned p-type SOG 54 which is covered by resist 56. As
shown in FIG. 6. the resist is then removed, such that only
patterned p-type SOG 54 remains on wafer 50. An n-type
SOG 60 is then applicd to the back side, covering silicon 50,
filling hole 52, and covering p-type SOG 54. Any n-type
SOG may be employed, prelerably PSG.

Tollowing application o n-type SOG 60, the waleris fired
at high temperature. such as about 900° C. for 60 minutes in
an oxidizing atmosphere to drive in the dopants. As shown
in FIG. 6F, this results in heavy n-type diffusion in layers 62
and heavy p-lype diflusion in layers 64. A light n-type
dillusion layer 66, typically al a resistance ol about 80 1o 100
£/5q, is also simultaneously introduced to the top surface
during firing. Light n-type diffusion layer 66 may be intro-
duced by autodoping, as shown in FIG. 7, by cxposing the
front surface of wafers 80, 82 to the rear surface of n-type
S0G 60 coated walers 82, 84, such (hat a light dillusion
layer 66 is produced by diffusion of phosphorus or other
n-type dopants from n-type SOG 60. In FIG. 7, the arrows
indicate the direction of diftusion, resulting in layer 66. Thus
in this embodiment the light diftision layer 66 contains a
lower phosphorus or other n-type dopant concentration than
the interior walls of hole 52. Alternatively, a SOG with lower
phosphorus content can be applied to the front surface (not
shown) and simultancously diffused into the front surface.
These process variations are described below. In either
embodiment these variations produce a more optimal dilTu-
sion profile for higher conversion elliciencies.

FIG. 6G shows the water after the HF acid etch step and
removal of the dopant glasses. F1IG. 6H shows the completed
solar ccll, after application of Ag pastc for the negative-
polarity grid and Ag:Al paste lor the positive-polarity grid,

resulling alter (iring in Ag negative-polarity grid contacts 72 3

and Ag:Al positive-polarity grid contacts 70. The PECVD
silicon nitride layers, which may optionally be applicd, arc
not shown for clarity.

“The lollowing sequence list illusirates one embodiment of
labrication sequences lor a back-contact LW solar cell
using n-type and p-type SOGs and autodoping, it being
understood that certain steps may be performed in an order
other than that given, and still result in the desired product.

1. Laser drill holes in silicon wafers

2. Alkaline etch

3. Apply SOG with p-type dopants on rear surface

4. Densify SOG
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5. Print etch resist

6. TIT etch

7. Strip resist and clean wafer

8. Apply SOG with n-type dopants on rear surface

9. Tube turnace drive-in of dopants (optionally with the
waters arrayed so as to facilitate autodoping of the front
surlaces)

10. TIF etch

11. PECVD nitride on front surface

12. PECVD nitride on rear surface

13. Print Ag for negative-polarity grid

14. Print Ag:Al for positive-polarity grid

15. l'ire contacts

The following sequence list illustrates an alternative
embodiment of fabrication sequences for a back-contact
EWT solar cell using n-type and p-type SOGs and a separate
SOG for front surface doping, it being understood that
certain steps may be performed in an order other than that
given, and still result in the desired product.

Laser drill holes in silicon wafers

Alkaline ctch

Apply SOG with p-type dopants on rear surface
Densily SOG

Print etch resist

HF etch

Strip resist and clean wafer

Apply SOG with n-type dopants on rear surface
9. Densily

10. Apply SOG with low-concentration of n-type dopants
on front surface

11. Tube furnace drive-in of dopants

12. HF ctch

13. PECVD nitride on [ront surlace

14. PECVD nitride on rear surface

15. Print Ag for negative-polarity grid

16. Print Ag:Al for positive-polarity grid

17. l'ire contacts

Alternatively, the front surface diffusion can be performed
in separate step, which allows use ol a belt furnace rather
than a tube furnace.

‘Ihe preceding methods can be repeated with similar
success by substiluting the generically or specifically
described reactants and/or operating conditions of this
invention for those used in the preceding methods.

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 in the
appended claims all such modifications and equivalents. 'The
entire disclosures ol all references, applications, patents, and
publications cited above are hereby incorporated by refer-
enee.

£ N L B Wb

What is claimed is:
1. A method for making an emilter wrap (hrough (LW')
solar cell, the method comprising (he steps ofx

providing a semiconductor wafer with a front surface and
a rear surface and a plurality of holes connecting (he
[ront surface to the rear surface, the rear surface not
coated with a diffusion barrier;

applying a [irst dopant diflusion source only on first
selected regions of the rear surface in a pattern com-
prising the rear surface holes;

applying a second dopant diflusion source only on second
selected regions of the rear surface in a pattern not
comprising the rear surface holes; and




US 7,144,751 B2

19
diftusing dopants from the first dopant diffusion source
and the second dopant dilfusion source into the semi-
conductor wafer by firing.

2. The method of claim 1 wherein the semiconductor
water comprises silicon, the first dopant source comprises
phosphorus and the second dopant source comprises boron.

3. 'The method ol claim 2 [urther comprising the step of
applying the first dopant diffusion source comprising phos-
phorus to the front surface in a pattern comprising the front
surface holes.

4. The method of claim 1 wherein in the step of applying
the first dopant difTusion source at least a portion of the holes
are (illed with the first dopant dillusion source.

5. The method of claim 1, further comprising the steps of:

etching the semiconductor wafer with an acid solution

following the diffusing step;
applying a dielectric layer for passivation to at least the
Tront surlace of the etched semiconductor waler; and

applying a first conductivity type metal grid to the rear
surface in a pattern comprising at least a portion of the
first dopant diffusion source pattern and a sccond
conductivity type metal grid to the rear surface in a
patlern comprising al least a portion ol the second
dopant diffusion source pattern.
6. A method for making an EWT solar cell, the method
comprising the steps ot
providing a semiconductor water with a front surface and
a rear surface and a pluralily ol holes connecting the
[ront surface to the rear surface;

printing material for forming a diffusion barrier only on
sclected regions of the rear surface in a pattern not
comprising the rear surface holes without removing the
material [rom unwanted regions;

cleaning the waler;

diffusing a first dopant into the wafer;

ctching the wafer; and

applying a first conductivity type metal grid to the rear

surface in a pattern comprising the rear surface holes
and a second conductivily type melal grid to the rear
surface in a pattern separated from the first conductivity
type metal grid by the diffusion barrier pattern.

7. The method of claim 6 wherein the semiconductor
water comprises p-conductivity type silicon, the first dopant
comprises phosphorus, the first conductivity type metal grid
i ver, and the second conductivity type metal
grid comprises aluminum.

8. The method of claim 7 further comprising the steps of:

applying a dielectric layer for passivation to at least a

portion of the surlace of the p-conductivity Lype silicon
waler [ollowing the elch step:

wherein application of the first dopant phosphorus source

results in a resistance of between about 30 and 60 ©/sq;
and

wherein (he step ol applying [irst and second conductivity

type metal grids comprises printing grid patterns and :

firing.

9. The method of claim 6 wherein the diffusion barrier
compriscs a sccond dopant of opposite conductivity type to
the first dopant.

10. 'The method of claim 9 wherein the [irst dopant
comprises phosphorus and the second dopant forming a part
of the diffusion barrier comprises boron.

11. The method of claim 9 wherein the first dopant and
second dopant are simultaneously diffused into the wafer.
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12. A method for making an EWT solar cell, the method
comprising the steps of:

providing a semiconductor waler with a [ront surface and
a rear surface and a plurality of holes connecting the
front surface to the rear surtace:

applying a first spin-on glass (SOG) ditfusion barricr to
the rear surfacc;

applying a resist in a paltern not comprising the rear
surface holes;

elching the waler 1o remove [irst SOG not covered by the

patterned resist:

stripping the resist from the wafer;

diffusing a first dopant into the wafer;

etching the wafer to at least remove remaining first SOG;

and

applying a first conductivity type metal grid lo the rear

surface in a pattern comprising the rear surface holes
and a second conductivity type metal grid to the rear
surface in a pattern comprising the resist pattern.

13. The method of claim 12 wherein the semiconductor
water comprises silicon, the first dopant comprises phos-
phorus and applying the first SOG comprises application by
spinning or spraying and furnace densification.

14. The method of claim 12 wherein the first SOG
comprises a second dopant of opposite conductivity type o
the first dopant.

15. A method for making an EWT solar cell, the method
comprising the steps ol:

providing a semiconductor wafer with a front surface and

a rear surface and a plurality of holes connecting the
[ront surface to the rear surlace;

applying a first SOG comprising a first dopant to the rear

surface;

applying a resist in a pattern not comprising the rear

surface holes:

elching the waler to remove (irst SOG not covered by (he

patterned resist;

stripping the resist from the wafer;

applying a second SOG comprising a second dopant of

opposite conductivity type to the first dopant to the rear
surface;

firing the wafer to diffuse the first dopant and second

dopant into the wafer;

elching the waler (o at least remove remaining [irst and

second SOG; and

applying a first conductivity type metal grid to the rear

surlace in a pallern comprising the rear surface holes
and a second conductivity type metal grid to the rear
surface in a pattern comprising the resist pattern.

16. The method ol claim 15 lurther comprising the step ol
applying a third SOG (0 the front surface of the waler, the
third SOG comprising a lower concentration of second
dopant than is in the second SOG.

17. "The method of claim 15 wherein (iring comprises
firing with a plurality of wafers arrayed approximately
parallel and front surface to back surface, whereby second
dopant from the second SOG on the back surface of a first
wafer is diffused to the immediately adjacent front surface of
an immedialely adjacent second waler.
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Back-Contact Solar Cells and Methods for Fabrication

CROSS-REFERENCE TO RELATED APPLICATIONS

Related applications entitled "Contact Fabrication of Emitter Wrap-Through Back
Contact Silicon Solar Cells", by Peter Hacke and James M. Gee, U.S. Utility patent
application Ser. No. 11/050,184, and entitled "Buried-Contact Solar Cells With Self-
Doping Contacts", by James M. Gee and Peter Hacke, U.S. Utility patent application
Ser. No. 11/050,182, are being filed concurrently herewith, and the specification of
each is incorporated herein by reference.

This application claims the benefit of the filing of U.S. Provisional Patent
Application Ser. No. 60/542,390, entitled "Fabrication of Back-Contact Silicon Solar
Cells", filed on Feb. 5, 2004, and 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 the specifications thereof are

incorporated herein by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention (Technical Field):

The present invention relates to methods for making back-contact solar cells, and
particularly emitter wrap through (EWT) solar cells with conductive vias, and solar
cells made by such methods.

2. Description of Related Art:

Note that the following discussion refers to a number of publications by author(s)
and year of publication. Discussion of such publications herein is given for more
complete background and is not to be construed as an admission that such

publications are prior art for patentability determination purposes.

25/06/08,va 13864p1 amended spec, |
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2.

The solar cell design in widespread use today has a p/n junction formed near the front surface
(that surface which receives the light) which creates an electron flow as light energy is absorbed in the
cell. The conventional cell design has one set of electrical contacts on the front side of the cell, and a
second set of electrical contacts on the rear side of the solar cell. In a typical photavoltaic module these
individual solar cells are interconnected electrically in series to increase the voltage. This
interconnection is typically accomplished by soldering a conductive ribbon from the front side of one
solar cell to the rear side of an adjacent solar cell.”

Back-contact silicon solar cells have several advantages compared to conventional silicon solar
cells. The first advantage is that back-contact cells have a higher conversion efficiency due to reduced
or eliminated contact obscuration losses (sunlight reflected from contact grid is unavailable to be
converted into electricity). The second advantage is that assembly of back-contact cells into electrical
circuits is easier, and therefore cheaper, because both polarity contacts are on the same surface. As an
example, significant cost savings compared to present photovoltaic module assembly can be achieved
with back-contact cells by encapsulating the photovoltaic module and the solar cell electrical circuit in a
single step. The last advantage of a back-contact cell is better aesthetics through a more uniform
appearance. Aesthetics is important for some applications, such as building-integrated photovoltaic
systems and photovoltaic sunroofs for automobiles.

FIG. 1 provides an ilustration of a generic back-contact solar cell 10. The silicon substrate 12
may be n-conductivity type or p-conductivity type. One of the heavily doped emitters, such as p** doped
emitter 18 or n"" doped emitter 16 may be omitted in some designs. Alternatively, the heavily doped
emitters 16, 18 may directly contact each other on the rear surface in other designs. Rear-surface
passivation 14 helps reduce loss of photogenerated carriers at the rear surface, and helps reduce
electrical losses due to shunt currents at undoped surfaces between the metal contacts 20.

There are several approaches for making a back-contact silicon solar cell. These approaches
include metallization wrap around (MWA), metallization wrap through (MWT), emitter wrap through
(EWT), and back-junction structures. MWA and MWT have metal current collection grids on the front
surface, These grids are, respectively, wrapped around the edge or through hales to the back surface

in order to make a back-contact cell. The unique feature of EWT cells, in comparison to MWT and
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MWA cells, is that there is no metal coverage on the front side of the cell, which means that none of the
light impinging on the cell is blocked, resulting in higher efficiencies. The EWT cell wraps the current-
collection junction (“emitter”) from the front surface to the rear surface through doped conductive
channels in the silicon wafer. "Emitter” refers to a heavily doped region in a semiconductor device.
Such conductive channels can be produced by, for example, drilling holes in the silicon substrate with a
Jaser and subseguently forming the emitter inside the holes at the same time as forming the emitter on
front and rear surfaces. Back-junction cells have Both the negative and positive polarity collection
junctions on the rear surface of the solar cell. Because most of the light s absorbed - and therefore
also most of the carriers are photogenerated - near the front surface, back-junction cells require very
high material quality so that carriers have sufficient time to diffuse from the front to the rear surface with
the collection junctions on the rear surface. In comparison, the EWT cell maintains a current collection
junction on the front surface, which is advantageous for high current callection efficiency. The EWT cell
is disclosed in U.S. Patent No. 5,468,652, Method Of Making A Back Contacted Solar Cell, to James M.
Gee, incorporated here in full. The various other back-contact cell designs have also been discussed in
numerous technical publications.

in addition to U.S. Patent No. 5,468,652, two other U.S. patents an which Gee is a co-inventor
disclose methods of module assembly and lamination using back-contact solar cells, U.S. Patent No.
5,951,786, Laminated Photovolfaic Modules Using Back-Contact Solar Cells, and U.S. Patent No.
5,972,732, Method of Monolithic Module Assembly. Both patents disclose methods and aspects that
may be employed with the invention disclosed herein, and are incorporated by reference as if set forth
infull. U.S. Patent No. 6,384,316, Solar Cell and Process of Manufacturing the Same, discloses an
alternative back-contact cell design, but employing MWT, wherein the holes or vias are spaced
comparatively far apart, with metal contacts on the front surface to help conduct current to the rear
surface, and further in which the holes are lined with metal.

Under certain conditions, EWT cells with gas dopant diffused vias exhibit high series resistance
associated with conduction through the vias. [JM. Gee, M.E. Buck, W.K. Schubert, and P.A. Basore,
Progress on the Emitter Wrap-Through Silicon Solar Cell, 12th European Photovoltaic Solar Energy
Conference, Amsterdam, The Netherlands, April 1994]; Gee JM, Smith DD, Garrett SE, Bode MD,
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Jimeno JC: Back-Contact Crystaliine-Siiicon Solar Cells and Modules. NGPV Program Revisw Meeting,
8-11 September 1998, Denver, CO One approach to addressing this problem is to fill vias with metal,
such as plated metal. However, this approach adds significant complexity to the manufacturing process
and is accordingly more expensive. Another approach is to increase the density of vias such that an
acceptable series resistance is attained. However, this also adds complexity and cost. A preferred
approach is to dope the holes more heavily than the surfaces, as long as the process maintains
simplicity and low cost. At least some data suggests that conventional gas diffusion, such as gas phase
diffusion using liquid POCI,, results in less diffusion within the hole than on horizontal or planar
surfaces, possibly because dopant gasses do not penetrate to the interior of the hole as effectively as to
an exposed surface. However, other data found that the hole conductivity was high and consistent with
interior doping similar to the exposed surfaces [D.D. Smith, J.M. Gee, M.D. Bode, J.C. Jimeno, Circuit
modeling of the emitter-wrap-through solar cell, IEEE Trans. on Electron Devices, Vol. 46, 1993 (1999)].
: A critical issue for any back-contact silicon solar cell is developing a low-cost process sequence
that also electrically isolates the negative and positive polarity grids and junctions. The technical issue
includes patterning of the doped layers (if present), passivation of the surface between the negative and

positive contact regions, and application of the negative and positive conductivity contacts.

BRIEF SUMMARY OF THE INVENTION

The present invention is a method for making an emitter wrap through (EWT) solar cell, the
method comprising the steps of: providing a semiconductor wafer with a front surface and a rear surface
and a plurality of holes connecting the front surface to the rear surface; applying a first dopant diffusion
saurce on the rear surface in @ pattern comprising the rear surface holes; applying a second dopant
diffusion source on the rear surface in a pattern not comprising the rear surface holes; and diffusing
dopants from the first dopant diffusion source and the second dopant diffusion source into the
semiconductor wafer by firing. The semiconductor wafer preferably comprises silicon, the first dopant
source preferably comprises phosphorus and the second dopant source preferably comprises boron.

The method preferably further comprises the step of applying the first dopant diffusion source
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comprising phosphorus to the front surface in a pattem comprising the front surface holes. in the step
of applying the first dopant diffusion source at least a portion of the holes are preferably filled with the
first dopant diffusion source.

The method preferably further comprises the steps of: etching the semiconductor wafer with an
acid solution following the diffusion step; applying a dielectric tayer for passivation to at least the front
surface of the etched semiconductor wafer; and applying a first conductivity type metal grid to the rear
surface in a pattern comprising at least a portion of the first dopant diffusion source pattern and a
second conductivity type metal grid to the rear surface in a pattern comprising at least a portion of the
second dopant diffusion source pattern.

The invention is also another method for making an EWT solar cell, the method comprising the
steps of: providing a semiconductor wafer with a front surface and a rear surface and a plurality of holes
connecting the front surface to the rear surface; applying a diffusion barrier to the rear surface in a
pattern not comprising the rear surface holes; cleaning the wafer; diffusing a first dopant into the wafer;
etching the wafer to at least partially remove surface oxides; and applying a first conductivity type metal
grid to the rear surface in a pattern comprising the rear surface holes and a second conductivity type
metal grid to the rear surface in a pattern separated from the first conductivity type metal grid by the
diffusion barrier pattern. The semiconductor wafer preferably comprises p-type siticon, the first dopant
preferably comprises phosphorus, the first conductivity type metal grid preferably comprises silver, and
the second conductivity type metal grid preferably comprises aluminum.

This method preferably further comprises the step of applying a dielectric layer for passivation to
at least a portion of the surface of the p-type silicon wafer foliowing the etch step; wherein application of
the first dopant phosphorus source results in a resistance of between about 30 and 60 Q/sq; and
wherein the step of applying first and second conductivity type metal grids comprises printing grid
patterns and firing. The diffusion source preferably comprises a second dapant of opposite condugctivity
type to the first dopant. The first dopant preferably comprises phosphorus and the second dopant
forming a part of the diffusion barrier preferably comprises boron. The first dopant and second dopant

are preferably simuitaneously diffused into the wafer.
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The present invention is also a further method for making an EWT solar cell, the method
comprising the steps of: providing a semiconductor wafer with a front surface and a rear surface and a
plurality of holes connecting the front surface to the rear surface; applying a first spin-on glass (SOG)
diffusion barrier to the rear surface; applying a resist in a pattern not comprising the rear surface holes;
etching the wafer to remove first SOG not covered by the patterned resist; stripping the resist from the
wafer; diffusing a first dopant into the wafer; etching the wafer to at least remove remaining first SOG;
and applying a first conductivity type metal grid to the rear surface in a pattemn comprising the rear
surface holes and a second conductivity type metal grid to the rear surface in a pattern comprising the
resist pattern. The semiconductor wafer preferably comprises silican, the first dopant preferably
comprises phosphorus and applying the first SOG preferably comprises application by spinning or
spraying and furnace densification. The first SOG preferably comprises a second dopant of opposite
conductivity type to the first dopant,

The present invention is also another method for making an EWT solar cell, the method
comprising the steps of: providing a semicoﬁductor wafer with a front surface and a rear surface and a
plurality of holes connecting the front surface to the rear surface; applying a first SOG comprising a first
dopant to the rear surface; applying a resist in a pattern not comprising the rear surface hales; etching
the wafer to remove first SOG not covered by the patterned resist; stripping the resist from the wafer;
applying a second SOG comprising a second dopant of opposite conductivity type to the first dopant to
the rear surface; firing the wafer to diffuse the first dopant and second dopant into the wafer; etching the
wafer lo at least remove remaining first and second SOG; and applying a first conductivity type metal
grid to the rear surface in a pattern comprising the rear surface holes and a second conductivity type
metal grid to the rear surface in a pattern comprising the resist pattern. This method further preferably
comprises the step of applying a third SOG to the front surface of the wafer, the third SOG preferably
comprising a lower concentration of second dopant than is in the second SOG. In this method, firing
preferably comprises firing with a plurality of wafers arrayed approximately parallel and front surface to
back surface, whereby second dopant from the second SOG on the back surface of a first wafer is
diffused to the immediately adjacent front surface of an immediately adjacent second wafer.

The invention is further an EWT solar cell made by any of the foregoing methods.
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A primary object of the present invention is to provide higher efficiency EWT solar cells made by
a simple and cost effective manufacturing process.

Another object of the present invention is to provide a method for increased doping within
conductive vias, thereby providing for EWT solar cells with decreased series resistance.

Another object of the present invention is to provide a manufacturing process employing
diffusion barriers, and preferably diffusion barriers which also serve as a dopant source, to provide for
improved back-contact junction properties.

Yet another object of the present invention is to provide for discrete but simultaneous diffusion of
two different dopants, an n-dopant and p-dopant.

A primary advantage of the present invention is that it provides improved and simpler methods of
producing EWT solar cellsata decreésed cost.

Yet another advantage of the present Invention is that it provides methods wherein conductive
vias and associated grid lines on the rear surface, and optionally dopant lines on the front surface, are
more heavily doped with an n*-dopant, preferably phosphorus, than are the remaining surface areas.

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 follaw, 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 of the invention. The objects and advantages of the
invention may be realized and attained by means of the instrumentalities 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. 1 is an ilustration of a generic back-contact solar cell 10.
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FIG. 2A is a cross-section of a silicon wafer that has been drilled and etched in a back-contact
cell process sequence of the inventién, and FIG. 2B is a top view of a portion of the wafer of FIG. 2A.

FIG. 3A is a cross-section of the wafer of FIG. 2 after the phosphorus- and boron-diffusion
source pastes have been printed in a back-contact cell process sequence of the invention; FIG.3Bisa
cross-section of the wafer of FIG. 3A after dopant diffusion at high temperalures in a back-contact cell
process sequence of the invention; FIG. 3C is a cross-section of a completed silicon wafer of FIGS. 3A
and 3B made in a back-contact cell process sequence of the invention using printed diffusion sources;
and FIG. 3D is a top view showing the phosphorus-diffusion grid patterns.

FIGS. 4A to 4N are cross-sections showing steps of a fabrication sequence of the invention for
making a back-contact EWT cell using a printed diffusion barrier.

FIGS. 5A to 5G are cross-sections showing steps of a fabrication sequence of the invention for
making a back-contact EWT cell using a SOG application.

FIGS. 6A-6H are cross-sections showing steps of a fabrication sequence of the invention for
making a back-contact EWT cell using multiple SOG applications.

FIG. 7 is a cross-section illustration of an autodoping process of the invention during tube

diffusion where wafers are held vertically.

DETAILED DESCRIPTION OF THE INVENTION

The invention disclosed herein provides for improved methods and processes for fabrication of
back-contact solar cells, particularly methods and processes providing for simpler, more reliable and
more economical fabrication. Itis to be understood that while a number of different discrete methods
are disclosed, one of skill in the art could combine or vary two or more methods, thereby providing an
alternative additional method of fabrication. It is also to be understood that while the figures and
example process sequences describe tabrication of back-contact EWT cells, certain of these process
sequences can be used for fabrication of other back-contact cell structures such as MWT, MWA, or
back-junction solar cells. In particuler, the methods under the headings “Use of Printed Diffusion
Barriers and Dopant Diffusion Barriers” and “Use of Spin-On Glass Diffusion Barrier” and “Use of Spin-

On Glasses as Diffusion Barrier and Dopant Sources” can be directly applied to any back-contact solar
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cell, including but not timited to MWT, MWA and back-junction solar cells. It will be readily recognized
by one of skill in the art that certain modifications are to be made based upon the difference in
structures of the cells, but nonetheless the methods are generally applicable to back-contact cells.

In certain embodiments, the methods of this invention provide for EWT cells with heavier doping
(which may be p** or n™) within the body of the via, which is to say within the roughly cylindrical side
walls of the via, and associated grid lines or front surface dopant lines, compared to the remaining
horizontal cell surfaces, and more particularly the remaining front or top surface, which is also doped,
but more lightly. For example in a p-type silican wafer, the conductive vias will be more heavily n'-
doped than is the majority of the front surface. Preferably, in certain embodiments n"*-doped lines
including the via opening are formed on the front surface, corresponding to the rear surface grid line,
and optionally further including right angle n**-doped lines intersecting at vias, are provided, with the
remaining areas of the front surface more lightly n*-doped. Thus the resistance is less for current
transported to the via and through the via rather than using a single n* emitter for both the surfaces and
vias. This results in increased efficiency and permils a decrease in hole density without the need for
metallization of the via.

In each of the methods hereafter described, the wafer can be a conventional thickness, typically
greater than 280 to 300 ym, such as a canventional 330 um wafer. Alternatively, in the process
sequence of this invention the wafer can be substantially thinner, such as less than about 280 ym,
preferably less than about 200 m, and more preferably less than about 100 pm. Thin silicon wafers
can be employed because the process sequence does not include a metal, such as an aluminum alloy,
covering all or substantially the entire rear surface of the wafer, typically used to provide a back surface
field (BSF) to reduce recombination losses (‘passivation”) at the rear surface. Because of strains due to
the coefficient of thermal expansion mismaich between the wafer and the back surface field BSF (the
thermal expansion coefficient of Al is over 10X larger than that of Si), typically wafers of greater than
280 microns thickness are employed. In this context, the teaching of commonly owned U.S. Patent
Application No. 10/880,190, entitled "Emitter Wrap-Through Back Contact Solar Cells On Thin Silicon

Wafers,” to Gee and Schmit, and filed an June 29, 2004, is incorporated by reference as if set farth in
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full. The wafer may be of any area, such as 25 em? or 100 cm?® (10 e X 10 cm), or may be larger, such
as 156 cm’ or 225 cm? wafers now being employed.

In the first step In each of the embodiments described below, holes 30 utilized to form conductive
vias are introduced to a planar silicon wafer 12 having a front surface and a rear surface as shown in
FIGS. 2A and 2B. The holes connect the front surface of the wafer to the rear surface, and are
preferably formed by laser drilling, but may be formed by other processes, such as dry etching. wet
etchiné, mechanical drilling, or water jet machining. For laser drilling, preferably a laser of sufficient
power or intensity at the operating wavelength is employed such that holes can be introduced at the
shortest time, such as from about 0.5 ms to about 5 ms per hole. One laser that may be employed is a
Q-switched Nd:YAG laser. By the use of thinner wafers the time per hole is proportionaily reduced. The
diameter of the via hole may be from about 25 to 125 pm diameter, preferably from about 30 to 60 um
dismeter. In one embodiment employing thin wafers, such as wafers with a thickness of 100 ym or less,
the via hole diameter is approximately greater than or equal to the wafer thickness. The via hole density
per surface area is dependent, in part, on the acceptable iotal series resistance loss due to current
transport in the emitter through the holes to the rear surface. This may be determined either empirically
or by theoretical calculations; by the methods of this invention the via hole density may be decreased
due to decreased resistance, such as determined by Q/sg. Typically the via hole density is one hole per
1 mm? to 2 mm? surface area, but may be a lower density, such as one hole per 2 to about 4 mm?.

Following introduction of holes, such as by laser drilling, an alkaline etch step is typically and
conventionally employed, in part to minimize irregularities resuiting from introduction of the holes. Any
conventional method may be employed, such as employing 10% by weight sodium hydroxide or
potassium hydroxide at a temperature of from about 80° C to about 90° C, which results in removal of

approximately 10 ym of surface.

Use of a Phosphorus-Diffusion Source Paste.

In one embodiment of the invention, printed diffusion sources are employed, preferably screen
printed diffusion sources, to provide dopant for the interior of the holes. While printed diffusion sources

are known, as taught in U.S. Patent No. 4,478,878, such materials have never been employed in EWT
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cell structures, or employed to create a higher n-dopant concentration within and immediately adjacent
the holes, thereby providing decreased series resistance. Applicants have unexpectediy found that
selective application of a printed diffusion source, such as a phospharus-diffusion source, to the area of
the holes, and including the grid fines of which the holes for a part, results in substantially higher dopant
concentration and decreased resistance. A representative process sequence for fabrication of a back-

contact EWT cell using printed diffusion sources is shown below.

1. Laser drill

2 Alkaline etch

3 Print and dry phosphorus-diffusion source on front surface
4. Printb and dry phosphorus-diffusion source on rear surface
5 Print and dry boron-diffusion source on rear surface

6 Diffuse dopants into silicon in high-temperature furnace

7 HF etch (hydrophobic both surfaces)

8. PECVD on front surface

9. PECVD on rear surface

10. Print and dry Ag paste for negative-polarity grid

1. Print and dry Ag:Al paste for positive-polarity grid

12. Fire contacts

The foregoing process sequence s generally described in FIGS. 2A through 3D, which illustrate
the fabrication sequence of this method and also disclose other advantages. FIG. 2A shows a cross-
section view of wafer 12 after it has been drilled and etched to produce holes 30, which are steps 1 and
2 immediately above. FIG. 2B is a top view of a partial portion of wafer 12, showing a plurality of holes
30 in a spaced array. FIG. 3A is & cross-section view of wafer 12 after the phosphorus-diffusion paste
32 has been printed on the front surface and rear surface, in a pattern designed such that each row of
hales 30 is covered by a line of paste 32. The boron-diffusion source paste 34 is printed on the rear
surface, preferably such that interdigitated grid areas are formed between pastes 32 and 34. Thus FIG.
3A shows the resulting wafer after steps 3 through 5 immediately above. These pastes convert into

diffusion-source oxides after drying and firing of the paste at high {emperatures.
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FIG. 38 shows the wafer after the dopant diffusion at high temperatures. Boron is diffused into
the silicon beneath the boron-diffusion oxide, resulting in boron diffusion layers 40. Phosphorus is
diffused into the silicon beneath the phosphorus-diffusion oxide, resulting in phosphorus diffusion layers
36. Layers 36 are heavily doped because phosphorus diffuses readily and at higher surface
concentration than boron. The entire region inside hole 30 is heavily doped, even if the dopant paste 32
does not fill hole 30 completely, because the interior surfaces of hole 30 are saturated with dopant from

" the dopant pastes 32 on the front and rear of the hole. The heavily doped surface 36 is advantageous,
because it reduces contact resistance to the grid which is subsequently applied to the rear surface,
reduces electrical resistance losses for conduction through the holes 30, and reduces electrical
resistance losses on the front surface for conduction to the holes 30. As further shown in FIG. 3B, light
phosphorus diffusion layers 38 are produced on the exposed silicon surfaces on both the front and rear
surfaces. Phospharus for light phosphorus diffusion layers 38 comes from dopant in dopant paste 32
evaporated from the phosphorus-diffusion oxide during the high temperature diffusion. Boron also
evaporates from the boron-diffusion oxide, but it has a much lower vapor pressure, and thus it is
primarily phosphorus that is diffused into the exposed surfaces. The light phosphorus diffusion layers
38 are advantageous on the front surface because light phosphorus diffusion provides both the best
current collection and lowest surface recombination. The light phosphorus diffusion layers 38 are also
advantageous on the rear surface because the phosphorus passivates the rear surface, and further
makes it less likely to cause electrical shunts where the phosphorus Jayer 38 contacts the boron
diffusion layers 40. Hence, this process sequence produces a cell structure with a high efficiency
potential.

Following dopant diffusion at high temperatures, an etch step (HF etch) using an aqueous
solution of hydrofluoric (HF) acid is typically empioyed. Any suitable acid etch may be em ployed, such
as 10% HF acid. Any conventional method of applying the etchant may be employed, including dipping
the wafer in a solution containing HF acid. Sufficlent HF acid is applied for a period such that the front
and rear surfaces are rendered hydrophobic, which may easily be ascertained from the “sheeting” effect

of the aqueous HF acid solution when a wafer is removed from solution.
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The bare silicon surface resulting from the HF etch may require passivation by deposition of a
dielectric layer. A silicon nitride (SiN) layer deposited by plasma-enhanced chemical vapor deposition
(PECVD) is a well-known technique for passivating silicon surfaces in solar cell fabrication. Alternatively,
alayer of SiO, may be thermally grown or other dielectric materials, such as SiOz, TiOz, Taz0s, and so
on, may be deposited by various means, such as printing, spraying-on, or chemical vapor deposition, for
surface passivation.

in general, as discussed below the diffusion-barrier oxide does not need to be completely
removed if it has the following properties: a good interface with low recombination with the silicon, and
Ag:Al or ather p-type contacts can be fired through the material and make low resistance contact to the
p-type silicon substrate, in one embodiment by employing a glass frit in screen printed contact material.
Leaving tha diffusion-barrier oxide in place allows elimination of at least one processing step, PECVD
deposition on rear surface.

Following passivation, the negative-polarity grid contacts and the positive-polarity grid contacts
are applied. Any conventional method of grid metal application may be employed, such as screen-
printing an Ag paste for the negative-polarity grid and an Ag:Al paste for the positive-polarity grid. The
paste may be made by a combination of a particle form of Ag or AgAl, as appropriate, in a liquid
formulation which may further include binders, solvents, and so on known and used inthe artto make a
screen printable paste. It is also possible and desirable to use a paste formulation containing
components which dissolve the nitride (see M. Hitali, et al., “Optimization of self-doping Ag paste firing
to achieve high fill factors on screen-printed silicon solar celis with a 100 ohm/sg. emitter,” 29" [EEE
Photovoltaic Specialists Conf., New Orleans, LA, May 2002, incorporated here by reference), such as a
glass frit. The wafer is then fired to metallize the grid contacts.

FIG. 3C shows the completed solar cell, after application of Ag paste for the negative-polarity
grid and Ag:Al paste for the positive-polarity grid, resulting after firing in Ag negative-polarity grid
contacts 42 and Ag:Al positive-polarity grid contacts 44. The PECVD silicon nitride layers, which may
optionally be applied, are not shown for clarity. Note that in all the drawings, both here and elsewhere

in the application, the dimensions of the holes and silicon substrate, spacing and relative sizes of
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various component structures, thicknesses of the various layers, and other dimensions are not drawn to
scale, but rather are shown schematically for purposes of iilustration and easy identification.

As shown in FIG. 3D, in one embodiment the result of screen printing the diffusion source, and
particularly the phosphorus-diffusion source, is that a desired pattern 36 results incorporating the via
holes 30 and further providing increased dopant concentration and corresponding decreased resistance
along, for example, the negative-polarity grid. Pattern 36 is optionally and preferably present on the
front surface and rear surface resulting from application of dopant paste 32 on both the front and rear
surface. On the rear surface, the pattern 36 Is subsequently partially covered by metallized grid
contacts 44; however, there is no such covering on the front surface. Itis also possible, such as on the
front surface, to provide increased dopant concentration grids in both the x-axis and y-axis, resqlting
from the pattern of screen printing a phosphorus-diffusion source, such that a via is present at the
intersection of each x-axis grid line with each y-axis grid line, thereby providing for enhanced collection.

It is also possible to provide a light n’ dopant diffusion using a gaseous source, for example,
phosphorus oxychloride (POCIs) and subsequent oxidation to drive in and provide surface passivation
on the front and rear surfaces. Preferably this process step is employed prior to the HF efch step to
remove the printed diffusion source oxides. In yet another related embodiment, a gas diffusion POCI,
step is employed as described, and the step of printing a phosphorus-diffusion source on the front
surface is omitted. In each such embodiment, the resulting phosphorus doping within the structure of
the hole is still significantly higher than the average or mean phosphorus doping on either the frant or
rear surfaces.

Similar process sequences can be used for fabrication of other back-contact cell structures. In
this embodiment, the PECVD deposition, particularly on the rear surface, is not required if the diffusion-
source oxides have a low-recombination interface with the silicon substrate, and if the Ag and Ag:Al
contacts can be fired through the oxide with low contact resistance, such as by employing fritted Ag

paste and fritted Ag:Al paste.
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Use of Printed Diffusion Barriers and Dopant Diffusion Barriers.

In another embodiment of the invention, a printed diffusion barrier, to prevent or limit diffusion of
n* dopants such as a gaseous phosphorus dopant applied by use of POCls, is employed. Preferably the
printed diffusion barrier also provides a source of p* dopant, such as boron. Directly printing a diffusion
barrier permits simple and direct application of patterning steps. Materials suitable for use as diffusion
barriers are available; for example, Ferro Corporation (Cleveland, OH) offers pastes for screen printing
of TiO, for antireflection layers, tantalum oxlde-based material as a phosphorus diffusion barrier, and
borositicate glass for a boron diffusion saurce. All these materials provide good barriers during
phosphorus diffusion, though use of certain materials, such as printed borosilicate glass, have not
previously been described as providing a phasphorus diffusion barrier The borosilicate glass
compoasition offers the additional benefit of providing boron diffusion beneath the barrier material to help
passivate the surface and reduce contact resistance for the positive polarity contact. The diffusion
barrier material is applied in the desired pattern, such as by screen printing, although alternative
methods of application may be employed, such as ink jet printing, masking or stenciling, provided that
such methods result in patterned diffusion barrier material.

In this embodiment and the embodiments following, the n* dopant diffusion is preferably
performed using a gaseous source, for example, POCI, for phosphorus diffusions. Other diffusion
sources, such as solid source or spray-on diffusion sources, can Ialternatively be employed. The oxide
from the phosphorus diffusion is generally re'moved with HF acid because it can cause reliability
problems for encapsulated photovoltaic modules, Hence, the preferred sequence strips the phosphorus
oxide from the phospherus diffusion and the diffusion-barrier oxide with HF acid etch. The bare silicon
surface may require passivation by deposition of a dielectric layer. SiN deposited by PECVD is a well-
known technique for passivating silicon surfaces in solar cell fabrication. Alternatively, a layer of SiO,
may be thermally grown or other dielectric materials, suc':h as Si0,, Ti0z, Ta:0s, and so on, may be
deposited by various means, such as, for example, printing, spraying-on, chemical vapor deposition, for
surface passivation,

In general, as discussed below the diffusion-barrier oxide does not need to be completely

removed if it has the following properiies: a good interface with low recombination with the silicon, and
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Ag:Al or other p-type contacts can be fired through the materiat and make low resistance contact to the
p-type silican substrate, in one embodiment by employing a glass frit in screen printed contact material.
Leaving the diffusion-barrier oxide in place allows elimination of at least one processing step, PECVD
deposition on rear surface.

One representative process sequence for fabrication of a back-contact EWT cell using a printed
diffusion barrler is shown below. The sequence provides for removal of the diffusion-barrier oxide (the
“HE etch, hydrophobic both surfaces” step as discussed above), and replaces the diffusion-barrier oxide
with an applied surface passivation step, such as a PEGVD SiN layer for surface passivation. However,
here too the diffusion barrier oxide need not be completely removed and replaced with the PECVD SiN
if the diffusion barrier oxide has good interface with the silicon, thereby resulting in elimination of one

processing step.

1. Laser drill

2. Alkaline etch

3. Print diffusion barrier

4, Dry and fire

5. Etch and clean wafer

6. POCI, (30 to 60 Q/sq)

7. HE etch (hydrophobic both surfaces)
8. PECVD nitride on front surface

9. PECVD nitride on rear surface

10. Print Ag for negative-polarity grid

1. Print Ag:Al or Al for positive-polarity grid

12 Fire contacts

Alternative embodiments of the method are possible and contemplated. 1n one preferred
alternative embodiment, FIG, 4A depicts wafer 12 with diffusion barriers 90, such as a TiO; paste,
applied such that the space between immediately adjacent paired diffusion barriers 90 will be utifized as
the positive-polarity grid In a subsequent step. Thus processing steps 1 through 4 above are followed to

result in the device of FIG. 4A. However, thereafter a phosphorus diffusion step, such as using POCls
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(30 to 60 .Q./sq), is employed, resulting in the device of FIG. 4B with n™ diffusion
layers 92. Alternatively, other n”* dopants may be employed. An etch step is then
employed, to etch the phosphorus glass formed during POCI.; diffusion, with the
diffusion barriers 90 remaining in place. SiN is then conventionally deposited by
PECVD, or alternatively by other methods and materials for passivation. Following
SiN deposition on both sides (not shown), a negative contact Ag grid is screen
printed and a positive contact Ag:Al grid, or more preferably an Al grid, is screen
printed, and the wafer fired. The result, as shown in FIG. 4C, is a cell with diffusion
barriers 90, positive screen printed Ag:Al or Al grid substrate 96, and negative screen
printed Ag grid substrate 98. As shown in FIG. 4C, the screen printed positive grid
substrate 96 may partially overlap a portion of diffusion barriers 90, or alternatively
(not shown) may be disposed wholly between the side edges of diffusion barriers 90.
The screen printed Al (which may be an Al alloy, such as Ag:Al, or may be
substantially Al), is applied to an existing n-type diffusion layer, as shown in FIG.
4C. However, on firing the Al-based metallization forms a p™ layer in place of the
existing n”* diffusion layer. A frit may be included in positive screen printed Ag:Al
or Al grid substrate 96. Thus the n” region underneath the p-type contact is
successfully over-doped; that is, a spiking contact through the n” region is made with
the p-type substrate. [n another variant, the Al-dopant metal is fired at a temperature
above the Ag--Si eutectic temperature so that the contact is alloyed with the silicon.
Thus as shown in FIG. 4D, upon firing the n” diffusion layers 92 immediately
adjacent the positive screen printed Ag:Al or Al grid substrate 96 are over-doped by
the Al in the grid substrate, resulting in contacts 96.

[n yet another particularly preferred embodiment, the diffusion barrier comprises a
source of p* dopant, preferably boron. Thus as shown in FIG. 4E screen printed
boron diffusion barriers 94 are provided, such as a TiO.; paste containing a boron
compound, such as in one embodiment a boron oxide species. The paste for boron
diffusion barrier 94 is formulated such that a light boron diffusion results, as
hereafter described. Other p-type acceptors may alternatively be employed to form a
diffusion barrier including a doped dielectric paste, including but not limited to
aluminum, gallium or indium, most preferably oxide compounds of one or more of

the foregoing. In one embodiment, the diffusion paste provides more than one p+

25/06/08,va 15864p17& 1 7a amended spec,| 7
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dopant, preferably in an oxide form. Altematively the boron or other p-dopant barrier

can be sprayed, ink jet printed, or applied by means other than screen printing.

25/06/08,va 15864p 17& | Ta amended spec, 18
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When phosphorus is diffused into the silicon to create an n* doped region, the p-type acceptor in the
dielectric preferably diffuses into the substrate at the same time, creating a p-type region while saving a
processing step. Thus following screen printing and cure of boron diffusion barrier 94, a phosphorus
diffusion step, such as using POCl, (30 to 80 €¥/sq), is employed, resulting in the co-diffusion of boron
and phosphorus. As shown in FIG. 4F, the resulting structure include n' diffusion layers 92, preferably
diffused to approximately 30-50 Q/sq in one example, and p diffusion layers 100, preferably diffused to
approximately 100 to 500 Qfsq in the same example. An etch step is then employed, to etch the
phosphorus glass formed during POCI, diffusion, with the boron diffusion barriers 94 remaining in place.
SiN is then conventionally deposited by PECVD, or alternatively other methods of surface passivation
are employed. Following SiN deposition on both sides (not shown), a negative contact Ag grid is screen
printed and a positive contact Ag:Al grid, or more preferably an Al grid, is screen printed, and the wafer
fired. The result, as shown in FIG. 4G, is a cell with boron diffusion barriers 94, positive screen printed
Ag:Al or Al grid substrate 96, and negative screen printed Ag grid substrate 98. As shown in FIG. 4G,
the screen printed positive grid substrate 96 may partially overlap a portion of boron diffusion barriers
§4, or alternatively (not shown) may be disposed wholly between the side edges of boron diffusion
harriers 94. The screen printed Al (which may be an Al alloy, such as Ag:Al, or may be substantially Al),
is applied to an existing n-type diffusion layer, as shown in FIG. 4G. However, on firing the Al-based
metallization forms a p" layer In place of the existing n" diffusion layer. A frit may be included in positive
screen printed Ag:Al or Al grid substrate 96. Thus the n' region undemeath the p-type contact is
successfully over-doped; that is, a spiking contact through the n” region is made with the p-type
substrate. In another variant, the Al-dopant metal is fired ata temperature above the Ag-Si eutectic
temperature so that the contact is alloyed with the silicon. Thus as shown in FIG. 4G, upon firing the n*
diffusion layers 92 immediately adjacent the positive screen printed Ag:Al or Al grid substrate 96 are
over-doped by the Al in the grid substrate, resulting in contacts 96, adjacent to and in contact with p*
diffusion layers 100.

In yet another preferred embodiment, as shown in FIG. 4l a diffusion barrier 90 is applied,
followed by an n* diffusion step, such as phosphorus diffusion using POCls (30 to 60 Q/sq), resulting in

n* diffusion layers 92, also as shown in FIG. 4. Following SiN deposition on both sides (not shown), a
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negative contact Ag grid is screen printed and a positive contact Ag:Al gria, or more preferably an Al
grid, is screen printed. The result, as shown In FIG. 4J, is a cell with diffusion barriers 90, positive
screen printed Ag:Al or Al grid substrate 96, which contains a frit or other substance to drive the
substrate 96 through barrier 90, and negative screen printed Ag grid substrate 98. The screen printed
Al (which may be an Al alloy, such as Ag:Al, or may be substantially Al), is applied directly to an the
diffusion barrier 90, as shown in FIG. 4J. However, on firing the Al-based metallization drives through
the barrier 90, as shown in FIG. 4K, with the Al forming a p” layer thereunder (not shown).

In a related preferred embodiment, as shown in FIG. 4L, a diffusion barrier 90 is applied,
followed by an n* diffusion step, such as phosphorus diffusion using POCI; (30 to 60 Q/sq), resulting in
n' diffusion layers 92, followed by application of a patterned resist 56. Fallowing application of the
resist 56 and SiN deposition on both sides (not shown), an etch step is employed to etch and remove
the exposed portion of diffusion barrier 80, as shown in FIG, 4M. Following etch removal of the diffusion
barrier 80, the resist 56 is removed and the wafer is cleaned. A negative contact Ag grid 98 is screen
printed and a posltive contact Ag:Al grid 96, or more preferably an Al grid 96, is screen printed. The
result, as shown in FIG. 4N, is a cell with diffusion barriers 90, positi\;e screen printed Ag:Al or At grid
substrate 96, and negative screen printed Ag grid substrate 98. The screen printed Al (which may be
an Al alloy, such as Ag:Al, or may be substantially Al), is applied to the patterned portion of diffusion
barrier 90 removed by the resist and etch step, as shown in FIG. 4M. Thus on firing the Al-based
metallization makes direct contact with siticon 12, as shown in FIG. 4N, with, the Al forming a p” layer
thereunder (not shown).

In yet another related and alternative embodiment, the process sequence can be employed to
produce patterned diffusions by using different printed diffusion sources as the diffusion barrier. As
discussed herein, different pastes are available, for example from Ferro Corporation, for performing
gither boron or phosphorus diffusions, and may be formulated to act as diffusion barriers. Thus while
the embodiment described above employs p-type silicon wafers with a boron doped diffusion barrier,
other embodiments are possible and contemplated.

It is also possible to include, for example, an n* diffusion paste, preferably which does not

include a diffusion barrier component, for use in forming a higher n" region, preferably a grid including
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the holes 30. These pastes can be applied by screen printing. Following application, the pastes are
dried to remove organics and volatile materials, and fired at a high temperature to difiuse the dopant
into the silicon. The pastes generally contain oxides of the dopant elements; the oxides can be
removed after the dopant diffusion by HF acid etch.

This process may optionally be modified to produce a selective emitter structure in the solar cell.
For this embodiment, the holes and rear surface are preferably more heavily doped for low resistance,
while the front surface Is more lightly doped, providing higher current and voltage. In the above
process, step 6 would be replaced by a lighter POCl; diffusion (preferably 80 to 100 Q/sq). After step 9,
a second, heavy POC13 diffusion (preferably less than approximately 20 Qisq), would be performed,
preferably followed by an HF etch to remove phasphorus diffusion glass and some nitride to form an
anti-reflection coating on the front surface. This variant works best when the nitride is at most only
slightly deposited within the holes, and preferably not present there at all; thus use of an anisotropic

PECVD process is preferred.

Use of Spin-On Glass Diffusion Barrier.

In another embodiment, a back-contact cell process sequence employs deposition of spin-on
glass (SOG) and screen-printed resist patterning. The SOG is used as a barrier during the emitter
diffusion step (“diffusion barrier oxide™). The SOG is deposited by conventional means, such as by
spinning or spraying, and is preferably dried and densified in a furnace. Preferably the SOG is also
employed to deposit any of a variety of dielectric materials. Thus the SOG may be silica (Si0z),
borosilicate glass (BSG), BSG mixed with other p-type dopant oxides (Ga, Al, In, etc.), phosphosilicate
glass (PSG), titania (TiO,), and so on. SOGs of this type are known in the industry, and Filmtronics
(Butler, PA) offers a variety of such materials. The SiO, film is particularly advantageous because Sio;
forms an excellent low-recombination interface with the silicon wafer. The borosilicate and
phosphosilicate glasses have the added advantage of acting as a dopant source of boron or
phosphorus, respectively. The lightly doped junction beneath the densified BSG or PSG fayer helps
improve cell performance and passivate the surface. SOGs have the additional advantage of being

relatively non-toxic and simple to process. Prior art methods, as disclosed in U.S. Patent No.

-48-




WO 2005/076960 PCT/US2005/003703

21-

5,053,083, have employed compounds such as phosphine and silane or diborane and silane,
compounds which are toxic and require specialized handling and processing equipment.

The SOG is patterned by first printing an etch resist, and then performing a chemical etch. The
printing is preferably done with a screen printer, but other printing methods, such as ink jet, stencil,
offset printing and the like, can also be employed. Any of a variety of materials can be used for the etch
resist. The only requirements for the resist are that it be printable and that it resists the chem ical
etchant solution. Aqueous solutions using HF acid are widely known for etching of oxide materials.

A representative process sequence is described below for fabrication of a back-contact EWT
solar cell using SOG as a diffusion barrier. A similar process sequence can be used for other back-
contact cell structures, such as MWA, MWT, or back-junction solar cells. The screen-printed Ag grids
for the negative and positive polarity contacts are preferably fired through the silicon nitride to make
contact to the silicon, which is well known in the art.

In the process sequence for forming back-contact EWT solar cells using SOG patterned with
screen-printed resist, a p-type silicon semiconductor substrate Is provided. The silicon substrate is
typicaily multicrystalline or polycrystalline sificon, but other types of silicon substrates may be employed,
including but not limited to single crystal silicon.

The first and second steps, laser drilling holes and elching, are as described above. In the third
step, SOG is applied. As discussed above, the SOG serves both as a barrier during the emitter
diffusion step and optionally and preferably to depasit dielectric materials. The SOG is deposited by
conventional means, such as by spinning or spraying, or by alternative means such as dipping in a
solution including the SOG material, and is then dried and densified in a fumace. Preferably the SOG is
SiO,, BSG, BSG mixed with additional p-type dopant oxides, PSG, or TiO.. Typically, the SOG is
applied to the rear surface, and after furnace densification resulls in a thickness of about 0.1 to 1 um.

After densification of the SOG, a resist is printed, such as by screen printing, but alternative
methads of introducing a patierned resist can be employed. The resist pattern provides a pattern for at
Jeast one set of contact grids, typically interdigitated contact grids in patierns well known in the art, such
as here for a positive-polarity grid. Any suitable resist material may be employed; however, it is

important to note that a photoresist material is not employed, but rather & chemical resistant resist
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material, and specifically an acid resistant material, such that the 8OG is not removed from the
patterned area when the wafer is subjected to acid etch treatment.

Following printing and drying of the resist, the wafer is etched to remove the SOG other than
from areas covered with the resist. Any suitable acid etch may be employed, provided that the resist is
not removed by the chemical etchant solution. in one preferred embodiment, an aqueous solution of HF
acid, such as 10% HF acid, is employed. Any conventional methed of applying the etchant may be
employed, including dipping the wafer in a solution containing HF acid. The SOG is removed from the
interior of the holes during this step, as well as from planar front and rear surfaces not covered with the
resist.

Following the etch step, the resist is stripped and the wafer cleaned. The chemical solution or
other method employed to remove the resist depends on the resist that was used. The wafer can also
be further cleaned, using suitable chemical cleaning solutions, for example comprising hydrogen
peroxide and sulfuric acid. The result is a patterned wafer, wherein the SOG is present only in the
areas where the resist had been applied.

A comparatively heavy phosphorus diffusion is applied by conventional means, including
preferably gas phase diffusion using liquid POCIs, to result in 40 to 60 ()/sq surface resistivity.
However, other diffusions sources or methods may be used, including application of liquid sources
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 P2Os, to high temperatures. In general, conventional
gaseous POCI; diffusion is preferred.

Following phosphorus diffusion, the wafer is again chemically etched, such as by using HF acid.
Sufficient HF acid is applied for a period such that the front and rear surfaces are rendered hydrophobic,
which may easily be ascertained from the “sheeting” effect of the agueous HF acid solution when a
wafer is removed from solution.

Following the second etch step, the bare silicon surface on the front side and the rear side is
preferably, but optionally, passivated by deposition of a dielectric layer. SiN may be conventionally
deposited by PECVD, or alternatively other. methods and materials for passivation may be employed.

As discussed herein, if the rear surface diffusion-barrier oxide is not removed such as by chemical
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etching, which is feasible under certain conditions as discussed above, then passivation of the rear
surface may be omitted.

Following passivation, the negative-polarity grid contacts and the positive-polarity grid contacts
are applied. Any conventional method of grid metal application may be employed, such as screen-
printing an Ag paste for the negative-polarity grid and an Ag:Al paste for the positive-polarity grid. The
paste may be made by a combination of a particle form of Ag or Ag:Al, as appropriate, in a liquid
formulation which may further include binders, solvents, and so on known and used in the art to make a
screen printable paste. 1t is also possible and desirable to use a paste formulation containing
components which dissolve the nitride (see M. Hilali, supra), such as a glass frit. The wefer is then fired
to metallize the grid contacts. |

1t may thus be seen that this method may be summarized as follows, it being understood that

certain steps may be performed in an order other than that given, and still result in the desired product:

1. Laser drill holes

2. Alkaline etch wafer

3. Apply SOG

4. Densify SOG

5. Print resist

6. Etch SOG

7. Strip resist and clean wafer

8. POCI, diffusion {40 to 60 Q/sq)

9. HF etch, hydrophobic both surfaces

10. PECVD nitride on front surface

", PECVD nitride on rear surface

12. Print Ag for negative-polarity grid

13, Print Ag:Al for pasitive-polarity grid

14, Fire contacts

As shown in EIG. 5A, holes 52 are laser drilled and alkaline etched in a silicon substrate,

preferably p-type silicon wafer 0. A p-type SOG 54 is then applied to the rear surface as shown in FIG.
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5B, such as BSG or BSG or another SOG mixed with other p-type dopant oxides, such as Ga, Inor Al.
A printed etch resist 56 is then applied in a pattern corresponding to the desired grid. Following an etch
step, such as HF acid etch, a p-type pattern SOG 54 results, as shown in FIG. 5C. The p-type SOG in
hole 52 is also removed during the etch step, such that the remaining structure consists solely of
patterned p-type SOG 54 which is covered by resist 56. As shown in FIG. 5D, the resist is then
remaved, such that only patterned p-type SOG 54 remains on wafer 50. A heavy POC; diffusion (40 to
60 Qfsq) is then performed, resuiting in n-type diffusion layers 62 and p-type diffusion in layers 64 as
shown in FIG. 5E.  FIG. 5F shows the water after the HF acid etch step and removal of the dopant
SOG glasses 54. FIG. 5G shows the completed solar cell, after application of Ag paste for the negative-
polarity grid and Ag:Al paste for the positive-polarity grid, resulting after firing in Ag negative-polarity grid
contacts 72 and Ag:Al positive-polarity grid contacts 70. The PECVD silicon nitride layers, which may
optionally be applied, are not shown for clarity.

In an alternative embodiment, the SOG material is applied in the desired pattern, such as ink jet
printing, offset printing, or by suitable masking or stenciling, resulting in patterned SOG material. By use
of this method, it is possible to eliminate the resist print and associated etch and strip steps, resulting in

considerable reduction in complexity of the process steps.

Use of Spin-On Glasses as Diffusion Barrier and Dopant Sources.

In yet another embodiment, the invention provides alternative methods employing use ofa
printed SOG material or of SOG applied by spin-on or spray-on techniques, for fabrication of a back-
contact EWT cell. The process similarly starts with application and patterning of a SOG to define the p-
type contact region on the rear surface. The densified SOG contains borosilicate glass, or other
inorganic compounds that provide p-type dopants, so that there will be a p-type diffusion in the p-type
contact region. Alternatively, this process can start with the printing and firing of a borosilicate glass
paste. A SOG containing an n-type dopant (generally phosphosilicate glass) is applied on the rear
surface and over the previous pattern. A single high-temperature furnace step simultaneously diffuses

the phosphorus and boron into the rear surface in the desired pattern.
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As shown in FIG. 6A, holes 52 are laser drilled and alkaline etched in a silicon substrate,
preferably p-type silicon wafer 50. A p-type SOG 54 is then applied to the back side as shown in FIG.
6B, such as BSG or BSG mixed with other p-type dopant oxides, such as Ga, Inor Al. A printed etch
resist 56 is then applied in a pattern corresponding to the desired grid. Following an etch step, such as
HF acid etch, a p-type pattern SOG 54 results, as shown in FIG. 6C. The p-type SOG in hole 52 is also
removed during the etch siep, such that the remaining structure consists solely of patterned p-type SOG
54 which is covered by resist 56. As shown in FIG. 6D, the resist is then removed, such that only
patterned p-type SOG 54 remains on wafer 50. An n-type SOG 60 is then applied to the back side,
covering silicon 50, filling hole 52, and covering p-type SOG 54. Any n-type SOG may be employed,
preferably PSG.

Following application of n-type SOG €0, the wafer is fired at high temperature, such as about
900° C for 60 minutes in an oxidizing atmosphere to drive in the dopants. As shown in FIG. 6F, this
results in heavy n-type diffusion in layers 62 and heavy p-type diffusion in layers 64. A light n-type
diffusion layer 66, typically at a resistance of about 80 to 100 Q/sq, is also simultaneously introduced to
the top surface during firing. Light n-type diffusion layer 66 may be introduced by autodoping, as shown
in FIG. 7, by exposing the front surface of wafers 80, 82 to the rear surface of n-type SOG 60 coated
wafers 82, 84, such that a light diffusion layer 66 is produced by diffusion of phasphorus or other n-type
dopants from n-type SOG 60. In FIG. 7, the armows indicate the direction of diffusion, resulting in layer
66. Thus in this embodiment the light diffusion layer 66 contains a lower phosphorus or other n-type
dopant concentration than the interior walls of hole 52, Alternatively, a SOG with lower phosphorus
confent can be applied to the front surface (not shown) and simultaneously diffused into the front
surface. These process variations are described below. In either embodiment these variations produce
a more optimal diffusion profile for higher conversion efficiencies.

FIG. 6G shows the water after the HF acid etch step and removal of the dopant glasses. FIG.
6H shows the completed solar cell, after application of Ag paste for the negative-polarity grid and Ag:Al
paste for the positive-polarity grid, resulting after firing in Ag negative-polarity grid contacts 72 and Ag:Al
positive-polarity grid contacts 70. The PECVD silicon nitride layers, which may optionally be applied,

are not shown for clarity.
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The following sequence list illustrates one embodiment of fabrication sequences for a back-

contact EWT solar cell using n-type and p-type SOGs and autodoping, it being understood that certain

steps may be performed in an order other than that given, and still result in the desired product.

1.
2
3
4.
5
6
7.

9.

Laser drill holes in silicon wafers

Alkaline etch

Apply SOG with p-type dopants on rear surface
Densify SOG '

Print etch resist

HF etch

Strip resist and clean wafer

Apply SOG with n-type dopants on rear surface

Tube furace drive-in of dopants (optionally with the wafers arrayed so as to facilitate

autodoping of the front surfaces)

10.
1.
12,
13.
14,
15.

HF etch

PECVD nitride on front surface
PECVD nitride on rear surface
Print Ag for negative-polarity grid
Print Ag:Al for positive-polarity grid

Fire contacts

The following sequence list illustrates an alternative embodiment of fabrication sequences for a

back-contact EWT solar cell using n-type and p-type SOGs and a separate SOG for front surface

doping, it being understood that certain steps may be performed in an order other than that given, and

still result in the desired product.

1.
2,

Laser drill holes in silicon wafers

Alkaline efch

Apply SOG with p-type dopants on rear surface
Densify SOG

Print etch resist
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HF etch

Strip resist and clean wafer

Apply SOG with n-type dopants on reer surface
Densify

© ® N o

10. Apply SOG with low-concentration of n-type dopants on front surface

1. Tube fumace drive-In of dopants

12 HF etch

13. PECVD nitride on front surface

14, PECVD nitride on rear surface

15. Print Ag for negative-polarity grid

16. Print Ag:Al for positive-polarity grid

17. Fire contacts

Altenatively, the front surface diffusion can be perfarmed in separate step, which allows use of a
belt fumace rather than a tube fumace.

The preceding methods can be repeated with similar success by substituting the generically or
specifically described reactants and/or operaling conditions of this invention for those used in the
preceding methods.

Although the invention has been described in detail with particular reference to these preferred
embodiments, other embodiments can achieve the same results. Varlations and medifications of the
present invention will be obvious to those skilled In the art and it is intended o cover in the appended
claims all such modifications and equivalents. The entire disclosures of all references, applications,

patents, and publications cited above are hereby incorporated by reference.
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The claims defining the invention are as follows:
1. A method for making an emitter wrap through (EWT) solar cell, the method
comprising the steps of:

providing a semiconductor wafer with a front surface and a rear surface and
a plurality of holes connecting the front surface to the rear surface, the rear surface
not coated with a diffusion barrier;

applying a first dopant diffusion source only on first selected regions of the
rear surface in a pattern comprising the rear surface holes;

applying a second dopant diffusion source only on second selected regions
of the rear surface in a pattern not comprising the rear surface holes; and

diffusing dopants from the first dopant diffusion source and the second
dopant diffusion source into the semiconductor wafer by firing.
2. The method of claim I wherein the semiconductor wafer comprises silicon,
the first dopant source comprises phosphorus and the second dopant source
comprises boron.
3. The method of claim 2 further comprising the step of applying the first
dopant diffusion source comprising phosphorus to the front surface in a pattern
comprising the front surface holes.
4. The method of claim I wherein in the step of applying the first dopant
diffusion source at least a portion of the holes are filled with the first dopant
diffusion source.
5. The method of claim 1, further comprising the steps of: etching the
semiconductor wafer with an acid solution following the diffusing step; applying a
dielectric layer for passivation to at least the front surface of the etched
semiconductor wafer; and applying a first conductivity type metal grid to the rear
surface in a pattern comprising at least a portion of the first dopant diffusion source
pattern and a second conductivity type metal grid to the rear surface in a pattern
comprising at least a portion of the second dopant diffusion source pattern.
6. A method for making an EWT solar cell, the method comprising the steps
of: providing a semiconductor wafer with a front surface and a rear surface and a
plurality of holes connecting the front surface to the rear surface; printing material

for forming a diffusion barrier only on selected regions of the rear surface in a

25/06/08,va | 5864 amended spec,28
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pattern not comprising the rear surface holes without removing the material from
unwanted regions; cleaning the wafer; diffusing a first dopant into the wafer; etching
the wafer; and applying a first conductivity type metal grid to the rear surface in a
pattern comprising the rear surface holes and a second conductivity type metal grid
to the rear surface in a pattern separated from the first conductivity type metal grid
by the diffusion barrier pattern.

7. The method of claim 6 wherein the semiconductor wafer comprises p-
conductivity type silicon, the first dopant comprises phosphortus, the first
conductivity type metal grid comprises silver, and the second conductivity type metal
grid comprises aluminum.

8. The method of claim 7 further comprising the steps of: applying a dielectric
layer for passivation to at least a portion of the surface of the p-conductivity type
silicon wafer following the etch step; wherein application of the first dopant
phosphorus source results in a resistance of between about 30 and 60 .OMEGA /sq;
and wherein the step of applying first and second conductivity type metal grids
comprises printing grid patterns and firing.

9. The method of claim 6 wherein the diffusion barrier comprises a second
dopant of opposite conductivity type to the first dopant.

10. The method of claim 9 wherein the first dopant comprises phosphorus and
the second dopant forming a part of the diffusion barrier comprises boron.

11. The method of claim 9 wherein the first dopant and second dopant are
simultaneously diffused into the wafer.

12. A method for making an EWT solar cell, the method comprising the steps
of: providing a semiconductor wafer with a front surface and a rear surface and a
plurality of holes connecting the front surface to the rear surface; applying a first
spin-on glass (SOG) diffusion barrier to the rear surface; applying a resist in a pattern
not comprising the rear surface holes; etching the wafer to remove first SOG not
covered by the patterned resist; stripping the resist from the wafer; diffusing a first
dopant into the wafer; etching the wafer to at least remove remaining first SOG; and
applying a first conductivity type metal grid to the rear surface in a pattern
comprising the rear surface holes and a second conductivity type metal grid to the

rear surface in a pattern comprising the resist pattern.

25/06/08,va 15864 amended spec.29
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13. The method of claim 12 wherein the semiconductor wafer comprises silicon,
the first dopant comprises phosphorus and applving the first SOG comprises
application by spinning or spraying and furnace densification,

14. The method of claim 12 wherein the first SOG comprises a second dopean(
of opposite conductivity type to the first dopant.

15. A method for making un EWT salar eell, the methed comprising the steps
of! providing a semiconductor wafer with a front surface and a rear surface and a
plurality of holes connecting the front sucface Lo the rear surface; applying a first
50G comprising a first dopaut to the rear surface; applying a resist in a pattern not
comprising the rear surface holes; etching the wafer to remove first SOG not covered
by the patterned resist; stripping the resist [iom the wafer; applying a second SOG
comprising a second dopant of opposite conductivity type to the first dopant to the
rear surface; firing the wafer to diffuse the first dopant and second dopant into the
wafer; etching the water to at least remove remaining first and second SOG; and
applying a first conductivity type metal grid to the rear surface in a pattern
comprising the rear surface holes and a second conductivity type metal grid to the
rear surface in a pattern comprising the resist pattern,

16. The method of claim 15 further comptising the step of applying a third SOG
to the front surface of the wafr, the third SOG comprising a lower concentration of
second dopant than is in the second SOG.

17. The method of claim 15 wherein [iring comprises firing with a plurality of
walers arrayed approximately parallel and front surlace to back surface, whereby
seeond dopant from the second SOG on the back surface of a first water s diMuscd
to the immediately adjacent front surface of an immediately adjacent second waler.

18, An EWT solar cell made by the method of any one uf the preceding claims,
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