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(57) ABSTRACT

A solar cell comprises adjacent regions of oppositely doped
semiconductor material forming a pn junction substantially
parallel to front and rear surfaces ofthe solar cell. A surface of
the semiconductor material has a plurality of depressions,
with semiconductor material regions forming internal wall
surface regions of the depressions being doped to the polarity
of one of the semiconductor regions, with which they are in
electrical communication. The wall surface regions of the
depressions are isolated from the other oppositely doped
semiconductor region and form contact points for a contact
structure contacting the surface in which the depressions are
formed. A dielectric layer is formed over the surface, the
dielectric layer being thinner or non-existent in at least a
portion of each depression, such that a screen printed metal
contact structure formed over the dielectric layer and extend-
ing into the depressions makes contact with the semiconduc-
tor material in the depressions after sintering.
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LOW AREA SCREEN PRINTED METAL
CONTACT STRUCTURE AND METHOD

[0001] The present invention relates to the field of photo-
voltaics and in particular provides a new contact structure for
commercially produced solar cells.

BACKGROUND TO THE INVENTION

[0002] High performance solar cells in general require low
area contacts to minimise the contribution of the high recom-
bination velocity metal/silicon interface to the device dark
saturation current. Most laboratory solar cells use photolitho-
graphic techniques or laser scribing to facilitate the formation
of' low area metal contacts to the silicon that typically cover
less than 1% of the solar cell surface. This minimises the
device dark saturation current which in turn maximises the
cell open circuit voltage (Voc). The highest Voc values ever
achieved for silicon solar cells is in the vicinity of 720 mV,
through careful attention to minimising the recombination
taking place at the front and rear surfaces and particularly at
the metal/silicon interfaces.

[0003] Incomparison, the dominant commercial solar cell,
namely the screen-printed solar cell shown schematically in
FIG. 1, has a relatively large metal/silicon interface area in the
vicinity of 10% for the front surface and often approaching
100% for the rear metal contact. Such a cell is shown sche-
matically in FIG. 1 and comprises a silicon substrate 11, the
bulk of which is lightly doped p-type, a thin top layer 12
lightly doped n-type to form a junction with the p-type region
11, front contact fingers 14 under which there is generally a
heavily doped n-type region 13 and on the rear surface a
continuous rear contact 15 makes connection with the p-type
region 11. Such cells achieve relatively low efficiencies and
voltages compared to high efficiency laboratory cells. To
improve the performance of such cells, attention needs to be
paid to improving the front and rear surface passivation and in
particular, developing approaches for reducing the metal/
silicon interface area for both metal contacts to much lower
values.

[0004] Any discussion of documents, acts, materials,
devices, articles or the like which has been included in the
present specification is solely for the purpose of providing a
context for the present invention. It is not to be taken as an
admission that any or all of these matters form part ofthe prior
art base or were common general knowledge in the field
relevant to the present invention as it existed before the pri-
ority date of each claim of this application.

[0005] Throughout this specification the word “comprise”,
or variations such as “comprises” or “comprising”, will be
understood to imply the inclusion of a stated element, integer
or step, or group of elements, integers or steps, but not the
exclusion of any other element, integer or step, or group of
elements, integers or steps.

SUMMARY OF THE INVENTION

[0006] According to one aspect, a solar cell is provided
comprising:

[0007] 1) adjacent regions of oppositely doped semicon-
ductor material forming a pn junction substantially par-
allel to front and rear surfaces of the solar cell:

[0008] ii) a surface of the semiconductor material having
a plurality of depressions, with semiconductor material
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forming internal wall surface regions of the depressions
being doped to the polarity of one of the semiconductor
regions of the junction, with which it is in electrical
communication, and said wall surface regions being iso-
lated from the other oppositely doped region of the junc-
tion;

[0009] iii) a dielectric layer formed over the surface of
the semiconductor material of the cell, the dielectric
layer being thinner or non-existent in at least a portion of
each depression; and

[0010] iv) a screen printed metal contact structure
formed over the dielectric layer and extending into the
depressions whereby the metal structure makes contact
with the semiconductor material in the depressions.

[0011] According to another aspect, a method is provided
for fabricating a contact structure on a solar cell comprising
adjacent regions of oppositely doped semiconductor material
forming a pn junction substantially parallel to front and rear
surfaces of the solar cell, the method including:

[0012] i) forming a series of depressions in a surface of
the semiconductor material with semiconductor mate-
rial forming internal wall surface regions of the depres-
sions being doped to the polarity of one of the semicon-
ductor regions of the junction, with which it is in
electrical communication, and said wall surface regions
being isolated from the other oppositely doped region of
the junction;

[0013] ii) forming a dielectric layer over the surface of
the semiconductor material of the cell whereby the
dielectric layer in the depressions is thinner than the
layer on the surface, or non-existent;

[0014] iii) forming a screen printed contact structure
which extends into the depressions; and

[0015] iv) firing the structure to sinter the screen printed
contact structure whereby the contact structure contacts
the solar cell surface in the depressions.

[0016] Depending upon the method of forming the dielec-
tric layer it may either not extend into the depressions (for
example if the depressions are formed through a pre-existing
dielectric layer or if the dielectric is otherwise aligned during
its formation) or it may partially extend into the depressions
or may extend into the depressions as a thinner layer than that
on the surface outside of the depressions.

[0017] When the dielectric layer extends into the depres-
sions as a thinner layer than on the surface outside of the
depressions the firing step will drive the metal of the contact
structure through the thinner dielectric in the depressions to
contact the underlying semiconductor material while being
prevented from contacting the semiconductor material by the
thicker dielectric layer outside of the depressions.

[0018] Preferably, the surface regions of the depressions
are doped more heavily than the semiconductor material of
the surrounding surfaces. In the case of a top, or light receiv-
ing surface, the depressions are preferably a series of parallel
elongate grooves. Additional wells may also be provided
between the grooves areas in regions to be covered by the
metal contact structure.

[0019] On the light receiving surface, the metal contact
structure is preferably a set of fingers running perpendicularly
to the grooves, with interconnecting fingers running parallel
to the grooves at intervals to form a grid. In the event that
grooves are not employed (i.e., only wells) a tighter grid
structure will be employed.



US 2009/0007962 Al

[0020] On a rear (non light receiving) surface, the depres-
sions are preferably a series of wells, though grooves or other
shapes can also be employed. The metal contact structure for
simplicity is preferably an uninterrupted layer of screen
printed metal, but may also be a grid or finger structure if
desired.

[0021] The surface regions of the depressions are prefer-
ably doped to a higher doping level than the remainder of the
surrounding surface.

[0022] In a preferred method the surface depressions are
formed by forming a surface oxide layer and laser scribing
through oxide layer to simultaneously form a doping mask.
Subsequently, to the doping of the surface regions in the
depression, the oxide is preferably removed and replaced
with the final dielectric layer, which is applied by a method
which preferentially forms the dielectric material on the sur-
face between the depressions with the dielectric layer on the
surface in the depressions being non existent or at least sig-
nificantly thinner that that on the surface between the depres-
sions. However it would also be possible to use the oxide layer
(or any similar layer used as the masking layer) as the final
dielectric layer.

[0023] Preferably, the depressions have widths in the range
of 15-50 pm. The depth is not critical and might be for
example in the range of 10-100 pm, however any depth
(greater than the above range) should work provided that, if
the depressions are very deep the metal paste used to screen
print the contacts is sufficiently viscous that it does not slump
to the bottom of the depression causing a discontinuity at the
top ofthe depression. Of course, viscosity is notan issue if the
depressions are relatively shallow (say with a width to depth
ratio of in the range of 1:1 to 1:2, or even lower, for example).
In one embodiment the depressions comprise grooves and
wells which are 25-35 um (preferably 30 um) wide and 40-50
um (preferably 45 um) deep.

[0024] Typically when grooves are used as the depressions,
the grooves are located on a pitch of in the range 0f 0.2 t0 3.0
mm with the optional wells are separated on a pitch of in the
range of 50-1500 pum in the direction of the contact fingers
under which they are located. Contact fingers are typically
separated on a pitch of in the range of 1 to 10 mm and while
the fingers may in some embodiments be preferred to be on a
pitch of in the range of 1 to 3 mm, they are more generally
preferred to be on a pitch in the range of 3-4 mm.

[0025] In the case of a cell with an n-type light receiving
surface region and a p-type back surface region, the light
receiving surface region will typically be doped to provide a
conductivity in the range of 50-1000 ohms per square while
the surface regions in the depressions will typically be doped
to provide a conductivity in the range of 1-50 ohms per square
with the depression surface region doping concentration
being above 10'7 atoms/cm® and preferably above 10'°
atoms/cm?, however the surface regions in the depressions
may also be doped at a similar level to the remainder of the
surface region of the cell material. The surface region on the
light receiving surface will typically be in the range 0 0.01 to
0.4 um deep whereas the doped surface region in the depres-
sions will typically have a depth in the range 0f 0.4 to 1.0 um
atits deepest point. In the simplest case the rear surface region
doping will effectively be the same as the bulk of the cell
which will typically be doped in the order of 10*® to 107
atoms/cm? while the surface regions in the respective depres-
sions will be either left the same as the bulk if sufficiently high
or else separately doped to provide a surface layer region, in
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the depression, with a conductivity in the range of 1 to 50
ohms per square, with a surface region dopant concentration
above 10'7 atoms/cm’ and preferably above 10*° atoms/cm®.
In the case where the surface regions in the respective rear
surface depressions are separately doped, the doped surface
region in the depressions will typically have a depth in the
range of 0.4 to 1.0 um at its deepest point. The rear surface
may also have an n+ region between the contacts in which
case this surface region will typically be doped to provide a
conductivity in the range of 50 to 1000 ohms per square.
Alternatively a p-type region may extend over the entire rear
surface between the contacts in which case this surface region
will also typically be doped to provide a conductivity in the
range of 50 to 1000 ohms per square.

[0026] To simplify the doping of the walls of the depres-
sions (wells or grooves) in commercial processes, by reduc-
ing the number of processing steps, and thereby reducing the
cost, it is possible to deliberately add dopants into the surface
dielectric layer such that when the laser is used to drill surface
depressions for the contacts some of the dopants from the
dielectric layer are automatically incorporated into the sur-
face regions of the depressions, therefore avoiding the neces-
sity for a separate diffusion step. However, in the highest
performance devices the surface regions of the depressions
are not doped in this way as the electrical performance of the
cells is not quite as good.

[0027] According to yet another aspect, a method is pro-
vided for applying a reagent to a surface of a structure during
the formation of a solar cell comprising adjacent regions of
semiconductor material forming a pn junction substantially
parallel to front and rear surfaces of the solar cell, the method
including:

[0028] 1) placing the structure on a carrier of an inkjet
print mechanism where a source of the reagent is con-
nected to a print head of the print mechanism; and

[0029] 1ii) scanning the print head relative to the structure
such that the print head passes over the areas where the
reagent is to be applied and operating the print head to
apply the reagent when an area to which the reagent is to
be applied is located under the print head.

[0030] Preferably the print mechanism is an X-Y table that
moves the structure being processed in two dimensions under
a fixed print head. Preferably also the print structure also
includes a laser which can be used to perform heating or
scribing steps while the structure is being printed with
reagent.

BRIEF DESCRIPTION OF THE DRAWINGS

[0031] Embodiments of the contact scheme will now be
described, by way of example with reference to the accom-
panying drawings in which:

[0032] FIG. 1 schematically illustrates a prior art cell struc-
ture formed with screen printed contacts;

[0033] FIG. 2 illustrates a substrate with surface regions
doped and oxide layers formed on the surface in preparation
for formation of contacts according to the present design;
[0034] FIG. 3 illustrates the substrate of FIG. 2 after front
surface grooves have been formed and the surface regions of
the groove heavily doped;

[0035] FIG. 4 illustrates the substrate of FIG. 3 after rear
surface grooves have been formed and the surface regions of
the groove heavily doped;
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[0036] FIG. 5 illustrates the substrate of FIG. 4 with the
surface oxides removed and a nitride layer applied to each
surface;

[0037] FIG. 6 illustrates the substrate of FIG. 5 after front
and rear metal has been applied;

[0038] FIG. 7 illustrates a top view of the substrate of FIG.
6 showing the relative positions of grooves, wells and metal
fingers;

[0039] FIG. 8 illustrates a top view similar to that of FIG. 7

where doped grooves have been replaced by doped wells;
[0040] FIG.9illustrates an X-Y table with inkjet print head
and laser scribing tool for an alternative processing sequence;
[0041] FIG. 10 is a photograph of the top surface of a cell
with the present contact structure showing the top surface
grooves and perpendicular metal contact fingers;

[0042] FIG. 11 is a graph illustrating spectral response for
a sample with contacts of the structure of FIG. 6;

[0043] FIG. 12 is a schematic illustration of a first alterna-
tive embodiment to that shown in FIG. 6; and

[0044] FIG. 13 is a schematic illustration of a second alter-
native embodiment to that shown in FIG. 6.

DETAILED DESCRIPTION OF SOLAR CELL
CONTACT STRUCTURES

[0045] Referring to the drawings, in embodiments of the
present contact structure, a dielectric layer is used across the
top surface of a solar cell for four (4) purposes. Firstly, it is
used to isolate the subsequently printed screen printed metal
from the top surface of the wafer. Secondly, it is used to
passivate the top surface of the silicon wafer. Thirdly, it is
used as an antireflection coating for the silicon wafer (al-
though this aspect is less important if this metal contacting
scheme is being used on the rear surface of a solar cell).
Fourthly it is used to provide a reduced thickness (even zero
thickness in some cases) layer in regions below the top sur-
face, such as where wells or grooves have been made in the
silicon surface prior to depositing the dielectric layer. The
purpose of these reduced thickness regions is so that the
screen-printed metal is able to be driven through the thinner
dielectric layer in these regions so as to contact the underlying
silicon, while remaining isolated from the top surface silicon
where the dielectric layer is thicker. This provides a mecha-
nism for achieving low area contacts (i.e. small metal/silicon
interface area) for screen printed metal where the contact area
can be chosen independently from the area covered by the
screen-printed paste. For example, for the rear surface of a
screen-printed solar cell where the metal covering is normally
approaching 100%, 20 micron diameter wells can be drilled
in the silicon surface every 1 mm to facilitate an effective
metal/silicon interface area after firing the screen printed
metal of well under 1% of the rear surface area by using the
thicker rear surface regions of the dielectric to isolate more
than 99% of the screen-printed metal from the silicon.

[0046] A range of different deposition approaches can be
used to achieve the required thickness differential for the
dielectric layer in the wells or grooves relative to the front or
rear surface regions. Evaporation techniques for the dielectric
layer naturally provide little material thickness on steeply
sloping regions such as the walls of wells or grooves. Depo-
sition by plasma enhanced chemical vapour deposition
(PECVD) also provides thinner deposited layers within
grooves and wells due to the restricted access into such
regions for the ionic species generated in the plasma and the
relatively large surface areas to be coated in such regions. The
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dielectric material can also be formed before the wells and/or
grooves are etched in which case there will be no dielectric
left in the wells and/or grooves after they are formed. Alter-
natively a deposition technique might be used which places
the dielectric only where it is required such as by using an
inkjet printing technique to place a dielectric forming reagent
only in those places where a thick dielectric layer is required.
This later technique might also be accompanied by localised
heating such as by a laser to speed the reaction of the reagent.

[0047] An important issue when establishing metal con-
tacts to semiconductor material, such as in a solar cell, is the
contact resistance between the metal and semiconductor. This
resistance is often roughly inversely proportional to the con-
tact area, such that more careful attention needs to be paid to
such contact resistance in low area contacts. It is often ben-
eficial to heavily dope the groove or well walls with n or
p-type dopants prior to depositing the dielectric layer, so as to
provide better ohmic contact in these regions. In addition, to
further control the contact resistance, the number and density
of such wells and grooves located underneath the screen-
printed metal can be specifically controlled so as to achieve
whatever required contact resistance for the metal/silicon
interface. Heavy doping in surface regions of such wells and
grooves will often require masking of the front and/or rear
surfaces of the wafer so as to avoid the detrimental effects on
cell performance that result from having large volumes of
heavily doped silicon, particularly on the light receiving sur-
face for the solar cell. In some implementations of the present
contact scheme, two or more dielectric layers may even be
beneficially used. For example, a silicon dioxide layer may be
grown onto the front surface of the wafer following a light
phosphorus diffusion of the top surface. The desired wells
and/or grooves can then be formed through this oxide layer,
such as through the use of a laser, with the subsequent heavy
diffusion being confined to these regions through the use of
the surface silicon dioxide layer acting as a mask to protect it
from further diffusion of dopants. Provided this silicon diox-
ide (or other dielectric layer) that has been acting as a mask is
not damaged and is therefore able to still isolate the screen-
printed metal from the lightly diffused surface regions, no
additional dielectric layer deposition may be necessary. How-
ever, if the remaining masking layer is not suitable either as an
AR coating or to isolate the screen-printed metal from the
lightly diffused surface region of the cell, or to passivated the
silicon surface, then the masking layer can be removed and
another dielectric layer (such as silicon nitride by evapora-
tion, PECVD or sputtering) can then be deposited as
described above to facilitate contact being made in the well or
groove regions. Alternatively, in some cases it may be con-
sidered beneficial to retain multiple dielectric layers whereby
the first provides good surface passivation of the silicon and
the second acts firstly as an AR coating, secondly it provides
the thickness differential between the well/groove surface
regions and the top surface region to facilitate localised con-
tacting between the metal and silicon, and thirdly it provides
the isolation between the screen-printed metal and the lightly
diffused cell surface region.

[0048] This contact scheme can be used particularly effec-
tively in conjunction with the concept of semiconductor fin-
gers which is described by Wenham, Mai and Ho, “High
Efficiency Solar Cells”, Conference Record, 8% Chinese Pho-
tovoltaic Conference, Shenzen, November 2004. In this
example ofthe contact scheme heavily doped grooves (and/or
wells) 27, 28 are formed in the solar cell surface (front or
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rear), as shown schematically in FIG. 3 with typical dimen-
sions and sheet resistivity values as described below. In
embodiments of this contact scheme, the dielectric layer 29,
30 (such as silicon nitride) is then deposited, forming a
reduced thickness layer 31, 32 within the wells and/or
grooves relative to the surface between the wells and/or
grooves as shown in FIG. 5. The screen printed metal lines 35
are then deposited perpendicularly to the semiconductor fin-
gers (doped grooves) 27 on the top surface as shown in FIG.
6 and FIG. 7 (illustrating the front surface), remaining iso-
lated from the lightly diffused top surface region by the
dielectric layer 29, while being able to make contact to the
grooved regions 27 where the dielectric layer 31 is of reduced
thickness. To aid contact formation, at the time of forming the
grooves, additional wells 37 (ref FIG. 7) or grooves can be
simultaneously formed in the path where the metal fingers 35
are to be deposited, thereby increasing the metal/silicon inter-
face area to a more desirable value. The inclusion of the latter
however will necessitate subsequent alignment between the
location of the wells 37 and the proposed location of the
screen-printed metal fingers. The desired doping concentra-
tion and dose for the surface regions of the walls of the wells
37 or grooves 27 is such as to produce a sheet resistivity in the
range 1-50 ohms per square however the surface regions in
the depressions (ie wells or grooves) may also be doped at a
similar level to the remainder of the surface region of the cell,
provided the semiconductor regions forming the walls of the
wells 37 or grooves 27 are deep enough. In comparison, the
sheet resistivity for the wafer surface region adjacent to the
wells or grooves is preferably in the range of 50-1,000 ohms
per square although this contact scheme can also work well
where no diffusion of the wafer surface takes place. The
surface region on the light receiving surface will typically be
in the range 0 0.01 to 0.4 um deep whereas the doped surface
regions in the depressions will typically have a depth in the
range of 0.4 to 1.0 um at its deepest point.

[0049] Another example of the implementation of this con-
tact scheme is for the formation of a rear metal contact 36 for
a solar cell, where shading is unimportant. In this case it is
feasible to cover the entire rear surface of the solar cell with
screen printed metal 36 (see FIG. 6), but restrict the metal/
silicon interface area to places where wells and or grooves 28
are deliberately located on this surface. In the simplest case
the rear surface region is an extension of the bulk of the cell
and doping will effectively be the same as the bulk of the cell
which will typically be doped in the order of 10'° to 107
atoms/cm? while the surface regions in the respective depres-
sions will be either left the same as the bulk if sufficiently high
or else separately doped to provide surface regions with a
conductivity in the range of 1 to 50 ohms per square, with a
surface region concentration above 107 atoms/cm> and pref-
erably above 10'° atoms/cm’. In the case where the surface
regions in the respective rear surface depressions are sepa-
rately doped, the doped surface regions in the depressions
will typically have a depth in the range of 0.4 to 1.0 um at its
deepest point. Again, a dielectric layer 30 is deposited after
the wells/grooves have been formed and/or diffused, with
contact only subsequently being made in the reduced thick-
ness regions within the wells or grooves 28. If alignment is
not considered an issue, reduced metal consumption can be
achieved by forming the screen-printed contact as a grid like
structure on the front surface, with the wells/grooves
restricted in location to where the metal will be deposited.
Alternatively, alignment issues can be avoided if wells/
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grooves are roughly uniformly spaced, but located over the
entire surface, such that the location of the metal grid is no
longer critical. This will however increase the dark saturation
current for the device due to the increased volume of heavily
doped silicon.

[0050] Referring to FIG. 8 a top view of an alternative
embodiment is shown in which doped wells 51 replace the
doped grooves 27 and wells 51 are connected by contact
fingers 52. The perpendicular fingers 35 are also provided as
in the arrangement of FIG. 7, to interconnect the fingers 52,
and wells 37 may also be provided to further enhance the
connection to the underlying semiconductor region. The
arrangement of FIG. 8 can be used on front surfaces or by
replacing the wells 51 with wells 28 of FIG. 6 a similar
structure can be used on rear surfaces. In the case of rear
surfaces the contact grid formed by the fingers 35 and 52 may
be replaced by an uninterrupted metal layer as described
above.

[0051] A challenge though with using wells or grooves
fully covered by the screen-printed metal is that air is trapped
in the well or groove. This can cause a problem with subse-
quent heating or placement of the cell in a vacuum where
large forces can be exerted by the trapped air on the metalli-
zation. The potential problems caused by this can be mini-
mized by either keeping the wells very shallow so minimal air
is trapped, or else using elongated wells or groves so that the
screen-printed metal only covers part of the well or grove
region so as to allow air to escape during subsequent pro-
cesses.

[0052] An alternative approach to achieving the dielectric
thickness variation needed to give the selective contact
through the reduced thickness regions is to use an alternative
dielectric layer deposition approach that can produce difter-
ent thicknesses of dielectric in different regions, indepen-
dently of the geometry of the surface being coated and con-
tacted. An example of such an approach is to use a dielectric
that can be applied as a liquid so that it can be ink jet printed
onto the regions where contact between the metal and the
solar cell surface is to be avoided. Following the deposition of
such a dielectric material by ink jet printing, some heating of
the material will normally be required so as to give the dielec-
tric layer its desired properties. Examples of dielectric layers
that can be applied in this way include silicon dioxide, tita-
nium dioxide, various polymers, etc, or even multiple layers
of different dielectrics can be used. If screen-printed metal
contacts are being used, the thickness of such ink jet printed
material needs to be sufficiently thick so that at the comple-
tion of all the heat treatments, the overlying metal has not
penetrated through to the solar cell’s surface. This is particu-
larly important if the polarity of the doped silicon in such
regions is opposite to that in the areas where the dielectric is
of reduced or no thickness which is where the metal is to
intentionally contact the silicon. An example of the latter
would be for a positive rear metal contact where the rear
surface region of the silicon is lightly diffused with n-type
dopants such as phosphorus. In this case, everywhere that
contact between the n-type silicon and the metal is to be
avoided, a dielectric layer such as liquid spin-on silicon diox-
ide is ink jet printed so as to protect the n-type silicon (it
should be noted that the equivalent structure can be produced
by coating the entire n-type surface with dielectric such as
silicon dioxide, and then ink-jet printing a suitable etchant for
the dielectric layer (such as dilute HF), everywhere the dielec-
tric layer is to be removed). The uncoated areas can then be



US 2009/0007962 Al

optionally etched to remove the n-type silicon, or else directly
diffused with boron to convert the silicon into p-type polarity
everywhere that the silicon is to be subsequently contacted by
the metal. In the latter, the rear n-type surface is masked
against the boron diffusion by the presence of the ink jet
printed dielectric. Of key importance in this structure is that
good electrical isolation is achieved between the n-type sili-
con and the p-type metal contact, which means there must not
be any (or only minimal) penetration of the rear surface
screen-printed metal through to the rear n-type silicon sur-
face.

[0053] When implementing this contact scheme, as
described above (based on the use of ink jet printing of dielec-
trics), a particularly powerful tool is an x-y table 41 illustrated
in FIG. 9 having a travelling carrier 45 (that holds the sub-
strate 42 on which the solar cell is being formed), combined
with both ink jet printing heads 43 and laser scribing head or
heads 44. This allows the substrate 42 to be moved in the ‘X’
and ‘Y directions under the stationary laser 44 and the sta-
tionary print head or heads 43 allowing heat to be applied by
the laser 44 wherever desired in conjunction with the ink jet
printing of the dielectric material. This facilitates localized
heating of the dielectric (while simplifying alignment issues),
laser doping from the dielectric layer (for the case where the
ink jet printed dielectric layer contains dopants of the appro-
priate polarity), localized ablation of the dielectric if desired,
and heat treating or ablation of silicon in the regions not
coated by the dielectric. In this tool, the laser 44 could be one
having a range of wavelengths and could be either Q-switched
or continuous depending on the desired outcomes. The
described tool avoids the alignment issues normally faced by
trying to produce the described structures and carry out the
described processes. Although the above has been described
for use with screen-printed metal contacts, alternative metal
deposition techniques such as (sputtering and evaporation)
and a range of contact metals (such as aluminium and silver)
can potentially also be used.

Example of Implementation of this Contact Scheme

[0054] Referring to FIGS. 2 to 7 and FIG. 10, the following
processing sequence demonstrates an example of the use of
this contact scheme:

[0055] 1. The substrate 11 is subjected to a saw damage
removal etch (30% NaOH at 70 degrees C. for 10 mins)

[0056] 2. Surface texturing (not shown) is achieved on
the top surface by etching with 2% NaOH at 90 degrees
C. for 20 minutes.

[0057] 3. Front and rear surface region diffusions are
performed with phosphorus to 100-200 ohms per square
(POCL3 source at 810 degrees for 12 mins to create front
and rear n-type layers 12 and 38.

[0058] 4. The wafer surfaces are then oxidized in steam
at 950 degrees C. for 30 mins to produce the front and
rear surface oxide layers 21, 22 seen in FIG. 2.

[0059] 5. The front surface is then laser scribed 23, 23"
through the front surface oxide 21, using a Q-switched
NAYAG laser, to produce 20-50 micron deep grooves 27
for fingers 25 of heavily doped semiconductor, and wells
37 are laser drilled, in areas beneath the proposed loca-
tion of the screen-printed metallization (ref to FIG. 7)

[0060] 6. The top surface grooves/wells are etched with
12% NaOH at 52 degrees C. for 20 minutes.

[0061] 7. A diffusion is then applied to the front surface
regions of the grooves/wells 27, 37 using a POCL3
source at 980 degrees for 60 mins to produce the heavily
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doped region (n**) 25, 25" in the grooves/wells to give
the structure of FIG. 3, followed by 30 mins in oxygen at
the same temperature so as to adequately protect the
surface from subsequent chemical treatments associated
with rear surface processing. To simplify the doping of
the walls of the depressions (wells or grooves) in com-
mercial processes this step may be avoided by deliber-
ately adding dopants into the surface dielectric layer
added in step 4 such that when the laser is used to drill
surface depressions for the contacts in step 5 some of the
dopants from the dielectric layer are automatically
incorporated into the surface regions of the depressions,
therefore avoiding the necessity for a separate diffusion
step. However, in the highest performance devices the
surface of the depressions are not doped in this way as
the electrical performance of the cells is not quite as
good.

[0062] 8. The rear surface is laser drilled 24 through the
rear surface oxide 22 to form the rear surface wells 28.

[0063] 9. The rear surface wells 28 are then etched with
12% NaOH at 52 degrees C. for 20 minutes, while
retaining front groove diffusion oxide/silicon dioxide to
protect front grooves.

[0064] 10. A boron diffusion is then applied to the sur-
face regions of the rear wells 28, typically using boron
tribromide at 980 degrees for 90 mins, to produce much
higher doping concentrations (p**) in the surface
regions 26 of the rear surface wells 28 than the surface
phosphorus diffusion 38 at the rear surface to give the
structure of FIG. 4. To simplify the doping of the walls of
the depressions (wells or grooves) in commercial pro-
cesses this step may be avoided by deliberately adding
dopants into the surface dielectric layer added in step 4
such that when the laser is used to drill surface depres-
sions for the contacts in step 8 some of the dopants from
the dielectric layer are automatically incorporated into
the surface regions of the depressions, therefore avoid-
ing the necessity for a separate diffusion step. However,
in the highest performance devices the surface regions of
the depressions are not doped in this way as the electrical
performance of the cells is not quite as good.

[0065] 11. A edge junction isolation is performed by
plasma etching of the edges.

[0066] 12. The diffusion oxide and surface masking
oxide 21, 22 are removed from the front and rear sur-
faces using 5% HF.

[0067] 13.APECVD deposition of silicon nitride is per-
formed to produce dielectric layers 29, 30 on front and
rear surfaces giving the structure of FIG. 5.

[0068] 14. The rear metal 36 is then screen-printed as
grid or solid pattern of silver (although the screen printed
metal paste could also contain a small concentration of
aluminium). Air bubbles 33 may be trapped under the
metal paste in the wells 28, when the paste is applied to
the surface. These need not be problematic if the well is
sufficiently shallow or if the area of the well is not
entirely covered with paste such that the air may escape.

[0069] 15. The rear metal 26 is the dried at 250 degrees
for 3 minutes.

[0070] 16. The front metal 35 is then screen-printed as a
set of fingers of silver paste running perpendicularly to
the front surface grooves 27 (ref FIGS. 7 and 10). Air
bubbles 34 may be trapped under the metal paste in the
grooves 27 (and wells 37), when the paste is applied to



US 2009/0007962 Al

the surface. These need not be problematic if the grooves
and/or wells are sufficiently shallow or if the area of the
grooves and/or wells is not entirely covered with paste
such that the air may escape.

[0071] 17.The front metal 35 is then dried at 250 degrees
for 3 minutes.

[0072] 18. The front and rear metal 35, 36 are then co-
fired (at typically 700 degrees depending on paste selec-
tion) to give the structure of FIG. 6.

[0073] 19. The cell is then tested.

[0074] Note that in the silicon nitride deposition step, the
nitride layers 29, 30 may extend to substantially completely
coat the internal walls of a groove 27 or well 28, 37 (at least
in the areato be contacted by the screen-printed metal 35, 36),
with a thin dielectric (i.e. nitride) layer (see for example
groove 27 and dielectric layer 29' in FIGS. 5 and 6), separat-
ing the subsequently screen-printed metal 35, 36 from the
underlying heavily doped silicon layer 25, 26. However, dur-
ing the firing step the metal contacts 35, 36 are driven through
any such thin dielectric layer while remaining separated from
the underlying semiconductor in regions where the dielectric
is thicker.

[0075] Cells produced using the above sequence have dem-
onstrated high fill factors achieved through low resistive
losses such as at the contacts, and high Jsc as a result of the
low metal shading losses, low reflection surface, and excel-
lent response to short wavelength light. A typical spectral
response curve, illustrated in FIG. 11, shows the clear benefits
for the devices produced by this method when compared to
conventional screen-printed solar cells, with near unity inter-
nal quantum efficiencies for short wavelengths of light in the
vicinity of 350 nm.

[0076] Referring to FIGS. 12 & 13, these show two alter-
nate embodiments to those discussed above. In the case of
FIG. 12 the n-type region 38 in the FIG. 6 embodiment is
replaced with a p*-type region 39 similar to some prior art
screen printed cells.

[0077] In FIG. 13 a similar structure to that of FIG. 12 is
illustrated, however in this case the dielectric layers 29, 30 do
not extend into the grooves or wells 27, 28 to form the thinner
dielectric portions 32, 33 shown in FIGS. 6 & 12. This struc-
ture can be formed either by using the final dielectric layer as
the doping mask (i.e. forming the grooves and wells through
the final dielectric layer) or by applying the final dielectric
layer after the grove and well doping steps but doing so using
a method which allows accurate placement of this layer such
as by inkjet printing as discussed above. This approach can
also be applied to the structure in which the rear surface is
lightly doped n-type except in the wells 28 as in FIG. 6.
[0078] Note that while cells formed on p-type wafers were
described in the above examples, all polarities may be
reversed for n-type wafers.

[0079] It will be appreciated by persons skilled in the art
that numerous variations and/or modifications may be made
to the invention as shown in the specific embodiments without
departing from the spirit or scope of the invention as broadly
described. The present embodiments are, therefore, to be
considered in all respects as illustrative and not restrictive.

What is claimed is:

1. A solar cell having adjacent regions of oppositely doped
semiconductor material forming a pn junction substantially
parallel to front and rear surfaces of the solar cell and a contact
structure contacting the semiconductor material of one of the
dopant types, the contact structure comprising:
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i) a plurality of depressions formed in a surface of the
semiconductor material, in which semiconductor mate-
rial regions forming internal wall surface regions of the
depressions are doped to the polarity of one of the semi-
conductor regions of the junction with which they are in
electrical communication, said wall surface regions
being isolated from the other oppositely doped region of
the junction;

ii) a dielectric layer formed over the surface of the semi-
conductor material of the cell and extending into the
depressions, the dielectric layer being thinner or non-
existent in a portion of each depression; and

iii) a screen printed metal contact structure formed over the
dielectric layer and extending into the depressions
whereby the metal structure makes contact with the
semiconductor material regions forming internal wall
surface regions in the depressions.

2. The solar cell of claim 1 wherein the dielectric layer
extends into the depressions as a thinner layer than that part of
the dielectric layer on the surface outside of the depressions
and the contact structure extends through the thinner dielec-
tric in the depressions to contact the underlying semiconduc-
tor material.

3. The solar cell of claim 1 wherein the wall surface regions
of the depressions in one surface of the solar cell are deeper
than the semiconductor material of similar dopant polarity
forming the remainder of the respective surface regions.

4. The solar cell of claim 1 wherein the depressions com-
prise a plurality of parallel elongate grooves.

5. The solar cell of claim 4 wherein the depressions further
comprise wells located between the grooves in regions to be
covered by the metal contact structure.

6. The solar cell of claim 5 wherein the metal contact
structure comprises a set of fingers running perpendicularly
to the grooves, with interconnecting fingers running parallel
to the grooves at intervals to form a grid.

7. The solar cell of claim 1 wherein the depressions com-
prise a plurality of parallel rows of wells.

8. The solar cell of claim 7 wherein the depressions further
comprise wells located between parallel rows of wells in
regions to be covered by the metal contact structure.

9. The solar cell of claim 7 wherein the metal contact
structure comprises a set of fingers running over each of the
rows of wells and interconnecting fingers running perpen-
dicular to the rows of wells at intervals to form a grid.

10. A method for fabricating a contact structure on a solar
cell comprising adjacent regions of oppositely doped semi-
conductor material forming a pn junction substantially paral-
lel to front and rear surfaces of the solar cell, the method
including:

i) forming a plurality of depressions in a surface of the
semiconductor material with semiconductor material
regions forming internal wall surface regions of the
depressions being doped to the polarity of one of the
semiconductor regions of the junction, with which they
are in electrical communication, and said wall surface
regions being isolated from the other oppositely doped
region of the junction;

ii) forming a dielectric layer over the surface whereby the
dielectric layer extends into the depressions and is thin-
ner than the layer on the surface, or non-existent in a
portion of each depression;

iii) forming a screen printed contact structure which
extends into the depressions; and
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iv) firing the structure to sinter the screen printed contact
structure whereby the contact structure contacts the
semiconductor material regions forming internal wall
surface regions in the depressions.

11. The method of claim 10 wherein the formation of the
dielectric layer causes it to extend into the depressions as a
thinner layer than that part of the dielectric layer on the
surface outside of the depressions.

12. The method of claim 10 wherein the wall surface
regions of the depressions in one surface of the solar cell are
deeper than the semiconductor material of similar dopant
polarity forming the remainder of the respective surface
regions.

13. The method of claim 10 wherein the depressions are
formed as a series of parallel elongate grooves.

14. The method of claim 13 wherein depressions are also
formed as wells located between the grooves in regions to be
covered by the metal contact structure.

15. The method of claim 13 wherein a set of fingers are
formed running perpendicularly to the grooves, with inter-
connecting fingers formed running parallel to the grooves at
intervals to form a metal contact structure in the form of a
grid.

16. The method of claim 10 wherein the depressions are
formed as a series of parallel rows of wells.
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17. The method of claim 16 wherein wells are also formed
between parallel rows of wells in regions to be covered by the
metal contact structure.

18. The method of claim 16 wherein a set of fingers is
formed running over each of the rows of wells and intercon-
necting fingers are formed running perpendicular to the rows
of wells at intervals to form a metal contact structure in the
form of a grid.

19. The method of claim 10 wherein the surface depres-
sions are formed by forming a surface oxide layer and laser
scribing through the oxide layer where the depressions are
required to form the depressions.

20. The method of claim 19 wherein the openings in the
surface oxide layer serve as a doping mask and the surface
regions in the depressions are doped by applying a dopant
through the openings in the surface oxide layer.

21. The method of claim 20 wherein after doping the sur-
face regions of the depressions, the surface oxide layer is
removed and replaced with a final dielectric layer which is
thinner or non-existent in a portion of each depression than on
the surface surrounding the depressions and is continuous on
the surface surrounding the depressions to isolate the semi-
conductor surface surrounding the depressions from the sub-
sequently formed contact structure.
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