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(57) ABSTRACT

Proposed is the method for forming selective emitters, field-
induced emitters, back-surface field regions, and contacts to
the functional regions of a solar cell by essentially electrical
means and without conventional thermal diffusion and mask-
ing processes. The process includes forming conductive lay-
ers on both sides of an intermediate solar-cell structure, per-
forming electrical and thermal treatment by passing electrical
current independently through the front-side conductive layer
and the back-side conductive layer, thus forming the selective
emitters, the selective BSF regions, selective emitter contact
regions, and contacts to the selective BSF regions. The
obtained structure is then subjected to pulse electrical treat-
ment by applying a voltage pulse or pulses between the front
and back conductive layers to form the field-induced emitter
and the field-induced BSF region. After the conductive layers
are removed, a final solar cell is obtained. The proposed
method can significantly simplify manufacturing, reduce
cost, and increase throughput in the field of semiconductor
fabrication.
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METHOD OF MANUFACTURING A
SILICON-BASED SEMICONDUCTOR
DEVICE BY ESSENTIALLY ELECTRICAL
MEANS

FIELD OF THE INVENTION

[0001] The invention relates to the manufacture of monoc-
rystalline, polycrystalline, or microcrystalline silicon-based
semiconductor devices, particularly photovoltaic devices
such as solar cells. More specifically, the invention relates to
the method of forming selective emitters, field-induced emit-
ters, back-surface field regions, and contacts to functional
regions by essentially electrical means and without conven-
tional thermal diffusion and masking processes. The pro-
posed method can significantly simplify manufacturing,
reduce cost, and increase throughput in the field of semicon-
ductor fabrication.

BACKGROUND

[0002] At the present time solar cells are classified into
three generations, which are described below.

[0003] First-generation solar cells are silicon-based solar
cells that dominate the solar market (80 to 90%). Solar cells of
this type are manufactured of monocrystalline or polycrys-
talline silicon, and, in spite of high manufacturing cost (typi-
cally ranging from $3/W to $5/W which is much higher than
is required for wide implementation), popularity of these
solar cells results from their high efficiency, well developed
processing, and practically unlimited availability of silicon.
[0004] Solar cells of the second generation are also known
as thin-film solar cells. The cells of this type are less expen-
sive, lighter in weight, and more attractive in appearance than
solar cells of the first generation. However, they are less
efficient than first-generation cells.

[0005] Third-generation solar cells do not need the p-n
junction necessary in traditional silicon-based and thin film
cells. Third-generation cells contain a wide range of potential
solar innovations, including polymer solar cells, nanocrystal-
line, nanomaterial-based cells, and dye-sensitized solar cells.
[0006] Irrespective of a provision of later generations,
interest in solar cells of the first generation remains very keen,
and research in this direction continues. The high fabrication
cost of the first-generation solar cells results mainly from
several high-temperature processes required to form func-
tional p-n junctions, barrier layers, passivation and contact
regions, emitters and selective emitters, back-surface field
(BSF) regions, which are required on front-surface modifica-
tions, and front-surface field (FSF) regions, which are
required on back-surface modifications, etc.

[0007] The aforementioned processes are typically per-
formed in high-temperature thermal diffusion furnaces, belt
furnaces, and rapid thermal annealing (RTA) chambers. Dif-
fusion and annealing processes are generally power-consum-
ing and time-consuming, and equipment with which these
processes are carried out generally requires periodic calibra-
tion, testing, and maintenance. Another source of complexity
and cost increase in the manufacture of first-generation solar
cells is patterning, a process that typically involves the use of
photolithography for forming selective emitters, contact
regions, electrodes, and other cell elements.

[0008] Attempts have been made to simplify fabrication of
silicon-based solar cells, e.g., by reducing the number of
masking, diffusion, and passivation steps, which are used in
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screen printing or jet printing with consecutive annealing of
screen-printed layers. For example, conductive electrodes
can be formed by the screen-printing technique on both sides
of a solar cell (for front-side screen-printing and annealing,
refer to “Crystalline and thin-film silicon solar cells: state of
the art and future potential” by Dr. Martin A. Green, Solar
Energy, Vol. 74, pp. 181 to 192 (2003) and for back-side
screen-printing and annealing, refer to U.S. Patent Applica-
tion Publication No. 20090025786, published on Jan. 29,
2009, inventors: Ajeet Rohatgi, et al).

[0009] U.S. Patent Application Publication No.
20100012185 (published on Jan. 21, 2010; inventors: Chris-
tian Schmid, et al) and U.S. Pat. No. 6,262,359 issued on Jul.
17, 2001 to Daniel Meier, et al, describe a process wherein
aluminum or aluminum-containing paste is deposited on the
back side of a solar cell and is annealed to create a back-
surface field (BSF) region without performing a thermal dif-
fusion step.

[0010] Someknown methods offer formation of conductive
electrodes by applying aluminum- or silver-containing paste
by means of a screen-printing process and then melting the
paste for penetration thereof through dielectric passivation
layers for forming contacts directly on the front-side N-type
emitters of the cell (see e.g., U.S. Patent Application Publi-
cation No. 20090044858 published on Feb. 19, 2009, inven-
tors: Yueli Y. Wang, et al) or by forming a BSF region and a
back side contact of the solar cell (see U.S. Patent Application
Publication No. 20100098840 published on Apr. 22, 2010;
inventor Chen-Hsun Du, et al, and U.S. Pat. No. 6,695,903
issued on Feb. 24, 2004 to Armin Kubelbeck, et al).

[0011] It is known in the art to apply a dopant paste onto a
substrate, e.g., by screen printing, and then to use the dopant
paste to form selectively doped regions in the Si substrate. For
example, U.S. Pat. No. 6,825,104 issued on Nov. 30, 2004 to
J. Horzel, et al, describes a method of manufacturing a semi-
conductor device wherein a pattern of solid dopant is selec-
tively applied to the surface of'a semiconductor substrate after
which the dopant atoms are diffused from the solid dopant
source into said substrate to form a first diffused region by
controlled heat treatment in a gaseous environment surround-
ing the semiconducting substrate. At the same time, the
dopant source is diffused into the substrate indirectly by
means of said gaseous environment, whereby a second diffu-
sion region is formed at least in some areas of the substrate not
covered by the pattern. In the final stage a metal contact
pattern is formed substantially in alignment with the first
diffusion region without substantial etching of the second
diffusion region.

[0012] U.S. Pat. No. 6,429,037 issued on Aug. 6, 2002 to
Stuart R. Wenham, et al, discloses a method for forming
selective emitters without recourse to a conventional diffu-
sion step generally required for the formation of heavily
dopedregions of selective emitters. This is achieved by means
of laser-assisted local heating of a dopant source that also
serves as a passivation layer and mask for consequent metal-
lization. The method also allows formation of self-aligned
contacts on selective emitter regions. This method has some
advantages; however, it requires at least one thermal diffusion
operation, complex optimization of the laser operation, and,
potentially, additional deposition and annealing steps.
[0013] Another efficient attempt to minimize the number of
diffusion, passivation, and masking operations in solar cell
fabrication is disclosed in U.S. Pat. No. 7,615,393 issued on
Nov. 10, 2009 to Sunil Shah, et al. The method described in
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this patent provides a substrate that is doped with boron and
includes a first substrate surface with a first surface region and
a second surface region. A first set of nanoparticles, which
includes a first dopant, is deposited on the first surface region.
The substrate is heated in an inert ambient to a first tempera-
ture, whereby a first densified film is created, and then a first
diffused region is formed with the first diffusion depth in the
substrate beneath the first surface region. The method also
includes exposing the substrate to a diffusion gas that
includes phosphorous at a second temperature for forming a
phosphosilicate glass (PSG) layer on the first substrate sur-
face, and then a second diffused region with a second diffu-
sion depth is formed in the substrate beneath the second
surface region wherein the first diffused region is proximate
to the second diffused region. The method further includes
exposing the substrate to an oxidizing gas at a third tempera-
ture, wherein an SiO, layer is formed between the PSG layer
and the substrate surface, wherein the first diffusion depth is
substantially greater than the second diffusion depth. Thus,
multidoped junctions are formed on a substrate essentially
without photolithography.

[0014] While this method represents an interesting advance
toward simplification of solar cell manufacturing, it still
requires at least one complex thermal diffusion process (step
that includes using a dopant gas). Also, diffusion of phospho-
rus onto the front surface is conducted simultaneously with
diffusion of aluminum onto the back side, which may cause
uncontrolled doping on the back-side doped regions. Further-
more, this method requires alignment of the metal electrodes
to the doped selective emitter (front side) and BSF regions
(back side), which is not done automatically and which may
involve additional steps.

[0015] Bulgarian Patent No. BG109881 issued on Dec. 30,
2008 to Petko Vitanov, et al, describes a solar cell with a
field-induced emitter in the form of an inversion layer
wherein the front-side emitter is formed by an electric field
generated by an electric charge developed in a dielectric
antireflective coating on the front surface of the solar cell.
However, this type of cell requires formation of selective N+
doped emitters and BSF regions (needed to provide contact
regions for photocurrent) by means of conventional high-
temperature diffusion.

[0016] Analysis of prior art shows that although a signifi-
cant reduction in number of masking, diffusion, and passiva-
tion operations has been achieved in the manufacture of solar
cells, none of the existing methods eliminate the thermal
diffusion and masking steps required to form emitters, selec-
tive emitters, BSF, FSF, self-aligned electrodes, and other
solar cell elements. Therefore, the cost of manufacturing sili-
con-based solar cells remains relatively high.

SUMMARY

[0017] The present method provides formation of a solar
cell structure that includes selective emitters, field-induced
emitters, back-surface field (BSF) regions, self-aligned con-
tacts, and other elements of a solar cell by means of electrical
and thermal treatment without furnace-based thermal diffu-
sion and/or photolithography. Once an initial device structure
is formed, an entire functional solar cell structure is essen-
tially formed by well-defined electrical and thermal treatment
and by applying a consecutive well-defined series of electri-
cal pulses.

[0018] More specifically, the method comprises the follow-
ing consecutive steps.

[0019] InStep lasilicon substrate is provided, and a dopant
substance is applied onto the front side of the substrate to
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form local dot-like or stripe-like dopant-containing regions.
The dopant substance may comprise, e.g., phosphorus-doped
nanoparticles or a phosphorus-containing paste applied, e.g.,
by screen printing or jet printing. The local dots or stripes are
applied onto areas where selective emitters of the solar cell
are to be formed in subsequent steps.

[0020] Step 2 is an initial sintering of the dopant substance.
As aresult, sintered dopant-containing regions are formed on
the front side of the substrate, and shallow low-doped regions
can be formed underneath the sintered dopant-containing
regions. In other words, low-doped selective-emitter regions
are formed. This step can be carried out in a simple Rapid
Thermal Anneal (RTA) or similar nonvacuum chamber, e.g.,
in the atmosphere of nitrogen.

[0021] Step 3 comprises growing thin silicon oxide (SiO,)
layers on the front side and on the back side of the substrate,
respectively. In the structure of the solar cell, the front side
Si0O, layer also functions as part of an antireflective coating,
which, as shown later, includes silicon nitride. Oxidation
causes further diffusion of the dopant from the dopant-con-
taining regions into the silicon substrate, thus continuing the
process of selective emitter formation.

[0022] In Step 4, a silicon nitride (Si;N,) film is deposited
onto the entire front SiO, layer, and a Si;N,, film is deposited
onto the entire back SiO, layer. The film may be deposited,
e.g., by chemical vapor deposition. In combination with the
Si0, layer on the front side of the substrate, the nitride film
forms a front-side insulating film that functions as an antire-
flective coating. In combination with the SiO, layer on the
back of the substrate, the nitride film forms a back-side insu-
lating film that functions as back-side passivation.

[0023] Step 5 is aimed at forming windows on the front-
side insulating film on the front side of the cell. The windows
can be cut, e.g., by means of a laser or, alternatively, a single
photolithography step may be required.

[0024] Step 6 comprises forming windows on the back side
of'the structure. The back windows are cut through the back-
side insulating film to the back surface of the substrate. The
back windows can be cut by means of a laser or chemically
etched with the use, e.g., of a fixed shadow mask. No photo-
lithography is needed in that case.

[0025] Step 7 comprises deposition of a front-side conduc-
tive layer and a back-side conductive layer of stacked metal
layers or a metal-containing conductive paste onto the front
and back surfaces of the structure. In other words, the con-
ductive metal or metal-containing paste layers are deposited
onto the surface of the front-side nitride film (Si; N, film) and
onto the surface of the front dopant-containing regions
exposed through the front windows. Similarly, the conductive
metal or metal-containing paste layers that form the back-side
conductive layer are deposited onto the surface of the back-
sidenitride film (Si;N, film) and onto the back-side surface of
the substrate exposed through the back windows. The con-
ductive metal layers used for the front surface can be silver,
aluminum, titanium, palladium, nickel, or their combina-
tions. Compositions of the conductive layers on the front and
back can be different, and these layers can be deposited simul-
taneously or in sequence. The back-side conductive layer
contains elements, which during electrical and thermal treat-
ments function as a back-side dopant to form selective BSF
regions.
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[0026] Note that steps 1 through 7 were used to form an
initial device structure as a basis for subsequent completion of
the most critical elements of the solar cell by electrical and
thermal means.

[0027] Step 8 comprises unique electrical and thermal pro-
cessing of the initial device structure. In this step, electrical
currents pass through the front-side conductive layer and the
back-side conductive layer for the ohmic heating of layers. As
a result of the elevated temperature, the dopants diffuse into
the silicon substrate from the dopant-containing regions, thus
forming selective emitters on the front and selective BSF
regions on the back. During electrical and thermal treatments,
the lower portion of the front conductive layer interacts with
the underlying dopant-containing regions and with the selec-
tive emitters regions, whereby a metal-silicon alloy is formed
in the zone of contact between the interacting materials. On
the other hand, the interaction of the material of the front-side
conductive layer with Si;N,, film will be different than that in
the areas of the selective emitters. The front-side conductive
layer and the backside conductive layer can be subjected to
the above-described electrical and thermal treatments simul-
taneously or separately.

[0028] Step 9 is the pulse electrical treatment of the struc-
ture obtained after Step 8. In this step, a voltage pulse or
sequence of voltage pulses V is applied between the conduc-
tive layer on the front and the conductive layer on the back. As
aresult, fixed charges of opposite signs form on the front-side
insulating film and on the back-side insulating film in order to
form the field-induced emitter and the field-induced BSF
region.

[0029] Pulse V causes holes to drift toward one side of the
substrate and to enter the front-side insulating film and the
electrons to drift toward the opposite side of the substrate and
to enter the back-side insulating film, wherein fixed charges
are formed in the respective insulating films.

[0030] In the last Step 10a, the front-side conductive layer
is removed, whereby a front-side solar cell is formed. In this
cell, the remaining back-side conductive layer functions as a
back reflector.

[0031] Alternatively, in Step 105, the back-side conductive
layer is also removed, whereby the front-side solar cell is
formed without a back reflector.

[0032] If necessary, the outer surfaces of the solar cell
obtained after Steps 10a and 105 may require some minor
finishing operations such as chemical or mechanical polish-
ing, chemical cleaning, or electroplating of the electrode sur-
faces.

BRIEF DESCRIPTION OF THE DRAWINGS

[0033] FIG. 1 illustrates Step 1 in which a silicon substrate
is provided, and a dopant substance is applied in the form of
dots or stripes. Hereinafter the structures are shown in cross
sections.

[0034] FIG. 2 illustrates Step 2, in which initial sintering of
the dopant substance is carried out.

[0035] FIG. 3 illustrates Step 3, in which thin silicon oxide
(810,) layers are grown on the front side and on the back side
of the substrate, respectively.

[0036] FIG.4 shows Step 4, in which silicon nitride (Si;N,)
film is deposited onto the entire front SiO, layer and the entire
back SiO, layer. The front thin silicon oxide (Si0O,) layers and
the front silicon nitride film form a front-side insulating film
that functions in the final device as an antireflective coating.
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[0037] FIG. 5 shows Step 5, in which windows are formed
on the front side of the insulating film.

[0038] FIG. 6 illustrates Step 6, in which windows are
formed on the back side of the insulating film of the initial
device structure.

[0039] FIG. 7 illustrates Step 7, in which stacked conduc-
tive metal layers or metal-containing conductive paste layers
are applied onto the front and back surfaces of the initial
device structure.

[0040] FIG. 8 illustrates Step 8, which is a unique electrical
and thermal treatment of the initial device structure in which
electrical currents independently pass through the front-side
conductive layer and the back-side conductive layer.

[0041] FIG. 9 is a cross-sectional view of the intermediate
device structure obtained after the critical Step 8.

[0042] FIG. 10 illustrates Step 9, which is a pulse electrical
treatment of the structure in FIG. 9 (for simplicity of the
drawings, in FIG. 9 and in subsequent drawings the current-
supply and heat-insulating fixture is not shown).

[0043] FIG. 11 is a sectional view of the device structure
formed after completion of the pulse electrical treatment.
[0044] FIG. 12 shows the modification of a final solar cell
obtained after Step 104, in which only the front-side conduc-
tive layer of the structure in FIG. 11 is removed (e.g., by a
lift-off process).

[0045] FIG. 13 shows the modification of a final solar cell
after Step 104, in which both the front-side conductive layer
and the backside conductive layer are removed.

DETAILED DESCRIPTION OF THE INVENTION

[0046] The method of the invention for manufacturing a
silicon-based semiconductor device by essentially electrical
means will now be described in more detail by way of a
specific example relating to manufacture of a solar cell. How-
ever, this example should not be construed as limiting the
scope of the invention application to solar cells only. The
method will be described in the form of sequential manufac-
turing steps with reference to the attached drawings. In these
drawings, the substrate and other elements of the solar cell
will be shown in a cross section.

[0047] Step 1 of the method is shown in FIG. 1. In this step
a substrate 20 made of a monocrystalline silicon is provided,
and a dopant substance is applied. The substrate 20 can be a
P-type substrate, can have a thickness in the range of 200 to
300 pum, and can have a resistivity ranging from 1 to 10
Ohm-cm. The front side 204 of the substrate 20 can be tex-
tured (not shown). Reference numeral 205 designates the
back side of the substrate 20. A dopant substance is applied
onto the front side 20a of the substrate 20 to form local
dot-like or stripe-like dopant-containing regions 22a and 225.
The dopant substance may comprise, e.g., phosphorus-doped
nanoparticles (as described in aforementioned U.S. Pat. No.
7,615,393) or a phosphorus-containing paste applied by
screen printing or jet printing. The dopant-containing stripes
may have a thickness in the range of 400 to 800 nm and a
width of 100 to 200 pm. The local dots or stripes 22a and 225
are applied onto areas where selective emitters of the solar
cell are to be formed in subsequent steps.

[0048] Step 2, which is shown in FIG. 2, is an initial sinter-
ing of the dopant substance shown in FIG. 1 in the form of
dots or stripes 22a and 22b. Sintering, which is used for
soliditying dopant-containing regions, can be carried out in
an ambient atmosphere at a temperature in the range of 700°
C. 10 900° C. for a short time, e.g., between 5 and 20 sec. It is
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understood that the specific parameters for initial sintering
need to be optimized for each particular dopant substance. As
a result, sintered dopant-containing regions 24a and 245 are
formed onthe front side 20a of the substrate, and very shallow
low-doped N-regions 24al and 2451 can be formed under-
neath the sintered dopant-containing regions 24a and 245,
respectively. In other words, low-doped selective-emitter
regions are formed. This step can be carried out in a simple
Rapid Thermal Anneal (RTA) or similar nonvacuum cham-
ber, e.g., in the atmosphere of nitrogen.

[0049] Step 3, whichis shown in FIG. 3, comprises growing
thin silicon oxide (SiO,) layers 26f'and 265 on the front side
20a and on the back side 205 of the substrate 20, respectively.
The purpose of the SiO, layers is to reliably passivate the
front-side and back-side surfaces, to create controlled hole
injection (for the front-side 20a) and electron injection (for
the back-side 205), and to generate a charged retention barrier
which may be required for dielectric charging in subsequent
pulse electrical treatment (Step 9 which will be described
later). In the structure of the solar cell, the front-side SiO,
layer 26/ also functions as part of an antireflective coating,
which, as shown later, includes silicon nitride. Oxidation
causes further diffusion of phosphorus from the dopant-con-
taining regions 24a and 245 into the silicon substrate. The
zones of deeper penetration of the phosphorus into the silicon,
which are shown in FIG. 3 by broken lines 24¢ and 24d,
designate starting areas for the formation of selective emit-
ters.

[0050] In Step 4, shown in FIG. 4, a silicon nitride (Si;N,,)
film 28 is deposited onto the entire front SiO, layer 26f, and a
Si;N, film 30 is deposited onto the entire back SiO, layer 265.
The film can be deposited, e.g., by means of chemical vapor
deposition. In combination with the SiO, layer on the front
side of the substrate 20, the nitride film 28 forms a front-side
insulating film 32 that functions as an antireflective coating.
In combination with the SiO, layer 265 on the back side of the
substrate 20, the nitride film 30 forms a backside insulating
film 31 that functions as back-side passivation (and back-
reflection support for modifications to the solar cell with a
back-side reflector, which is shown in FIG. 12 and is
described below). The nitride film can have a thickness in the
range of 65 to 75 nm.

[0051] Alternatively, the thickness may be in the range of
210 to 230 nm. The deposition temperature may be, e.g., in
the range of 350 to 450° C. Alternatively, the nitride film can
be deposited only onto the front SiO, layer 26/ To protect the
front and back surfaces from potential penetration of metal
atoms during subsequent steps in forming selective emitters,
the initial thickness of the Si;N,, film may be greater than the
upper limit of the above range. Therefore, an additional step
of thinning the film to the range, e.g., of 65 to 75 nm, may be
required at the end of the process. Alternatively, at this step an
additional insulating film 29, e.g., of SiO,, can be deposited
on the top of the Si;N,, film 28. At the end of the process this
additional film is removed.

[0052] Step 5, whichis showninFIG. 5, is aimed at forming
front windows 34a and 345 in the front-side insulating film 32
onthe front side of the cell in the initial device structure. Since
the positions of the dopant-containing regions 24a and 245
can be seen through the front-side insulating film 32, which is
transparent and in view of a significant thickness and rela-
tively large lateral size of dopant-containing regions 24a and
24b, the front windows 34a and 345 can be cut, e.g., by means
of a laser (as described in U.S. Pat. No. 6,426,235 issued on
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Jul. 30,2002 to T. Matsushita, et al), or, alternatively, a single
photolithography step may be required to form the windows.
The front windows 34a and 345 may have a width, e.g., inthe
range of 10 to 20 um.

[0053] Step 6, which is shown in FIG. 6, comprises forma-
tion of back windows 36a and 365 on the back side of the
structure shown in FIG. 5. The back windows 364 and 365 are
cut through the back-side insulating film 31(FIG. 4) to the
back surface 205 of the substrate 20. The back windows can
be cut by means of a laser or chemically etched with the use,
e.g., of a fixed shadow mask. No photolithography is needed
in that case. The back windows 36a and 365 are relatively
wide and may have a width in the range of 1 to 5 mm.
[0054] Step 7, which is shown in FIG. 7, comprises depo-
sition of a front-side conductive layer 38a and a back-side
conductive layer 386 of a stacked metal layers or metal-
containing conductive paste layers, onto the front and back
surfaces of the initial device structure in FIG. 6, respectively.
In other words, the conductive metal or metal-containing
paste layers that form the front-side conductive layer 38a are
deposited onto the surface of the front-side nitride film (Si;N,,
film) 28 and onto the surface of the front dopant-containing
regions 24a and 245 exposed through the front windows 34a
and 345 (FIG. 6), respectively. Similarly, the conductive
metal or metal-containing paste layers that form the back-side
conductive layer 386 are deposited onto the surface of the
back-side nitride film (a Si;N, film) 30 and onto the back
surface of the substrate 20 exposed through the windows 36a
and 365 (FIG. 6), respectively. The conductive metal layers
used for the front surface can be silver, aluminum, titanium,
palladium, nickel, or their combinations and are typically
deposited (evaporated) onto the surface in the form of a stack,
e.g., Ti—Ag, Ti—Pd—Ag, Ni—Cr, etc. The metal paste can
be of a Ti—Ag-type, Ag—Al type, or other types known in
the art. Conductive compositions for the back side can include
metal layers of Al or Al—Ag, Al—Si, Al—Ag conductive
paste, or the like. The compositions of the conductive layers
on the front side and on the back side can be different, and
these layers can be deposited simultaneously or in sequence.
The conductive layers 38a and 385 may have a thickness in
the range of 1 to 5 um. Reference numerals 3851 and 3852
designate regions of the back-side conductive layer 385, the
regions being in direct contact with the substrate 20. The
back-side conductive layer contains elements that during
electrical and thermal treatment function as a back-side
dopant to form selective BSF regions.

[0055] The broken line designated in FIG. 7 by reference
numeral 38a1 shows that the conductive layer, e.g., the layer
38a, can consist of several consecutively applied sublayers.
These sublayers can have different compositions.

[0056] It should be noted that Steps 1 through 7 are used to
form the initial device structure as the basis for subsequent
completion of the most critical elements of the solar cell by
electrical and thermal means.

[0057] Step 8, which is shown in FIG. 8, comprises unique
electrical and thermal processing of the structure shown in
FIG. 7. In this step, the structure of FIG. 7 is placed into a
fixture 40, which is shown in schematic form and is intended
for electrical and thermal treatments of the structure, in par-
ticular, the areas of dopant-containing regions. The fixture is
provided with a front-side current input electrode 42a, a
front-side current output electrode 424, a back-side current
input electrode 444, and a back-side current output electrode
44b. The current input and output electrodes are isolated from
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each other so that when current is applied to the input elec-
trodes 42a and 44aq, the applied current flows from the current
input electrodes to the respective current output electrodes
through the front-side conductive layer 384 and the back-side
conductive layer 384 independently so that current of differ-
ent magnitudes can pass through the front-side conductive
layer 38a and the back-side conductive layer 385.

[0058] In order to provide uniform distribution of the cur-
rent density over the entire current-passing areas of the con-
ductive layers, the profiles of the electrodes 42a, 425, 44a,
and 444 should conform to the outlines of the substrate 20.
When current flows through the conductive layers 384 and
386, the material of the layers is heated by ohmic heating,
which is also known as resistive heating. Thus, the tempera-
ture of layers increases. The magnitude of current is selected
s0 as to heat the treated layers to the temperature needed to
cause diffusion of the dopant from the dopant-containing
regions 24a and 245 (FIG. 7) and from the direct-contact
regions 3851 and 38562 on the back side into the silicon
substrate 20 (FIG. 7). As a result of the elevated temperature,
the dopants further diffuse into the silicon substrate, thus
forming selective emitters 24e, 24f on the front side and
selective BSF regions 254 and 255 on the back side. Although
only pairs of the selective-emitter regions and selective BSF
regions are shown in FIG. 8, which is a cross-sectional view
of the structure, in reality there is a plurality of such regions
on both sides of the substrate 20, respectively.

[0059] In order to prevent dissipation of heat from the zone
43 of electrical and thermal treatment, this zone can be con-
fined between the thermal insulating walls 46a, 465, 46¢, and
46d. The temperature in the electrical and thermal zone 43
may be higher than the melting point of one or several sub-
layers of the conductive layer 38a and/or 38b. In order to
prevent leakage of the molten material from the zone 43, this
zone must be sealed with the thermal insulating walls 46¢ and
464d. In the process, the maximum temperature of the regions
of'the dopant diffusion should be in the range of 900 to 1000°
C. forthe frontand 650 to 750° C. for the back. Because of the
interaction of heat flows on the front and the back, it may be
necessary to conduct the electrical and thermal treatment
process for the front and back individually or simultaneously.
[0060] Inthe course of electrical and thermal treatment, the
lower portion of the front-side conductive layer 38« interacts
with the underlying dopant-containing regions 24a and 245
(FIG. 7) and with the selective emitters 24e, 24/ (FIG. 8),
whereby a metal-silicon alloy forms in the zone of contact
between the interacting materials. On the other hand, inter-
action of the conductive material of the layer 384 with the
Si;N, film 28 will be different from that in the areas of the
selective emitters 24 and 24f. More specifically, the material
of the lower portion of the layer 38a can be selected so that a
compound functioning as a diffusion barrier for atoms of
metal that can diffuse through the front-side insulating film 32
(FIG. 5) form as a result of the interaction of the material of
the layer 384 with the Si;N,, film 28. For example, if the lower
portion of the layer 38a is made of titanium, then a titanium-
nitride (TiN) compound is formed. Similar consideration can
be applied to the back of the structure.

[0061] The front-side conductive layer 384 and the back-
side conductive layer 386 can be subjected to the above-
described electrical and thermal treatment simultaneously or
separately. In selecting parameters for the electrical and ther-
mal treatment, one should consider the difference between
the coefficients of thermal expansion of the silicon substrate
and materials of the conductive layers. In order to secure the
achieved structure and to ensure integrity of its layers for
subsequent treatment, cooling is carried out in Step 8.
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[0062] FIG. 9 is a cross-sectional view of the structure
obtained after the critical Step 8. In other words, the structure
shown in FIG. 9 is an intermediate structure obtained before
the subsequent pulse electrical treatment, which is described
below. Though the supply of current is discontinued, the
structure can remain in the fixture 40 to the end of the manu-
facturing process. As a result of the electrical and thermal
treatment described above, in addition to the aforementioned
selective emitters 24e and 24/ and the selective BSF regions
25a and 255, alloyed regions, hereinafter referred to as selec-
tive-emitter contact regions 48a and 485, are formed on the
front side of the structure, and alloyed regions, hereinafter
referred to as contacts to selective BSF regions 50a and 505,
are formed on the back side of the structure.

[0063] The aforementioned selective-emitter contact
regions 48a and 48b, which may comprise, e.g., an Ag—Si
alloy or Ti—Si alloy, and the contacts to selective BSF
regions 50a and 505, which may comprise, e.g., Al—Si alloy,
are darkened in FIG. 9 and in all subsequent drawings. In the
final solar cell product, these regions provide good Ohmic
contacts to the functional areas of the cell, such as selective
emitters and silicon substrate.

[0064] Diffusion that occurs in Step 8 may cause appear-
ance of defects in N+-P junctions of the selective emitters.
These defects, which can be caused by diffusion, e.g., of Ag,
Ti, etc., into Si, are marked by “x” symbols in the selective-
emitter regions 24e, 24f. Similarly, defects may also occur in
the Si;N,, film 28 because of diffusion, e.g., of Ag. The defects
of'this region are also marked by symbol “x”. The conductive
layers 384 and 385 that have uneven outer surfaces caused by
electrical and thermal treatment still remain in the structure.
Since during electrical and thermal treatment some sublayers
of the conductive layers 38a and 385 may be fused and then
solidified, different substructures may occur in the conduc-
tive layers 384 and 384. This is shown in FIG. 9 by a broken
line 38a2. It is important to note that electrical and thermal
treatment does not significantly impair conductive properties,
integrity, or adhesion of the conductive layers 38a and 385 to
the underlying layers, such as the Si;N, layer.

[0065] If necessary, some intermediate steps may be
required after Step 8, such as chemical mechanical planariza-
tion, chemical etching and cleaning, or low-temperature
annealing in a gaseous atmosphere.

[0066] FIG. 10 illustrates Step 9, which is pulse electrical
treatment of the intermediate device structure of FIG. 9. For
simplicity in FIG. 9 and in subsequent drawings, the fixture
40, in which the structure may remain to the end of the
process, is not shown. In Step 9, voltage pulse or a sequence
of'voltage pulses V is applied between the front-side conduc-
tive layer 38a and the back-side conductive layer 38b.
Regarding the P-type silicon substrate 20, the pulse V must
have a negative sign on the front side. Regarding the N-type
silicon substrate 20 (which is not considered herein), the
pulse V must have a positive sign on the front side.

[0067] As aresult, fixed charges of opposite signs form on
the front-side insulating film and on the back-side insulating
film in order to form the field-induced emitter and the field-
induced BSF region.

[0068] For the P-type silicon substrate 20, the pulse V
causes holes (shown by symbols & in FIG. 10) to drift toward
the front side and to enter the Si;N,, film 28 through the front
SiO, layer 26f. At the same time, the pulse V causes the
electrons (shown by symbols @ in FIG. 10) to drift toward
the back side and to enter the Si;N, film 30 through the
back-side SiO, layer 265. As a result, a fixed positive charge
is generated at or around the interface of the Si;N,, film 28
with the front-side SiO, layer 26f. Similarly, a fixed negative
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charge is generated at or around the interface of the Si;N,, film
30 with the back-side SiO, layer 265. The fixed charges are
not shown in FIG. 10 but are shown in FIG. 11.

[0069] Application of voltage pulse V of the above-de-
scribed polarity causes flow of a forward current (shown by
curved arrows in FIG. 10) through the N*-P junctions of
selective emitters. It is assumed that the above current will
eliminate all or a significant number of the above-mentioned
defects in the selective emitters, thus improving the quality of
the selective emitter junctions.

[0070] The pulse may have the following parameters: V in
the range of 20 to 100V (depending on Si-nitride thickness
and other factors), total duration in the range of 1 to 100 ms.
If necessary, an embedded test structure can be used to check
field-induced emitter (inversion) formation and N+-P junc-
tion quality.

[0071] FIG. 11 is a sectional view of the structure formed
after completion of the pulse electrical treatment in Step 9.
Once the fixed positive charge is introduced into the Si;N,
film 28, an N*-inversion layer 52 forms on the front side to
create a field-induced emitter. In other words, in the final solar
cell, this N*-inversion layer 52 functions as a field-induced
emitter. At the same time and as a result of introduction of the
fixed negative charge into the Si;N,, film 30, an Pt accumula-
tion layer 54 forms on the back side to create a field-induced
BSF region of the cell.

[0072] FIG. 12 shows the last Step 10a, in which the front-
side conductive layer 38a of the structure in FIG. 11 is
removed (e.g., by a lift-off process). Since the selective emit-
ter contact regions 48a and 485 have substantially stronger
adhesion to the substrate 20, the lift-off of the conductive
layer 38a does not separate the conductive regions 48a and
48b from the selective emitters; therefore, after removal of the
conductive layer 384, the upper surfaces of the selective emit-
ter contact regions 48a and 486 and the Si;N, film 28 are
exposed. In the solar cell, the selective emitter contact regions
48a and 485 function as front-side self-aligned electrodes.
[0073] In the embodiment of FIG. 12, the back-side con-
ductive layer 385 of the structure shown in FIG. 11 remains
intact after step 10a and is used in the solar cell as a back-side
electrode and a back reflector.

[0074] FIG. 13 shows another embodiment, which is Step
105. In this embodiment, in addition to the front-side conduc-
tive layer 384, the back-side conductive layer 385 is removed
as well. As a result, contacts to the selective BSF regions are
formed and are intended to function in the final device as
back-side self-aligned electrodes. In fact, FIG. 13 shows a
front-side solar cell, which sometimes is referred to as a
transparent solar cell.

[0075] If necessary, the outer surfaces of the solar cell
obtained after Steps 10a and 105 may require some minor
finishing operations, such as chemical or mechanical polish-
ing, chemical cleaning, or electroplating of the electrode sur-
faces.

[0076] Although the invention is shown and described with
reference to specific embodiments, it is understood that these
embodiments should not be construed as limiting the areas of
application of the invention and that any changes and modi-
fications are possible provided that these changes and modi-
fications do not depart from the scope of the attached patent
claims. For example, dopant substances may be other than
those indicated in the specification. The fixture used for sup-
ply of current and for thermal insulation of the current-modi-
fied structure components may have various designs. The
method applies to manufacturing not only of solar cells but to
any other suitable electronic device. The silicon substrate
may be of an N-type. In this case, the dopant substance of the
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front side should be a boron-containing composition, the
back-side conductive film should contain the dopant source
for forming a N+ type BSF regions, and the pulse V shown in
FIG. 10 must have a positive sign on the front side.

1. A method of manufacturing a silicon-based semiconduc-
tor device comprising a silicon substrate that has a front side
and a back side, selective emitters, selective emitter contact
regions, and a field-induced emitter, the method comprising
the step of:

forming at least the selective emitters and the selective-

emitter contact regions by electrical and thermal treat-
ment; and

forming the field-induced emitter by pulse electrical treat-

ment.

2. The method of claim 1, further comprising the step of
forming selective BSF regions and contacts to the selective
BSF regions by electrical and thermal treatment.

3. The method of claim 2, wherein the silicon-based semi-
conductor device further comprises a field-induced BSF
region, the method further comprising the step of forming the
field-induced BSF region by pulse electrical treatment.

4. The method of claim 1, comprising the following steps,
which are completed prior to the step of electrical and thermal
treatment:

forming dopant-containing regions in the areas designed

for the selective emitter regions;

depositing a front-side insulating film at least onto the front

side of the silicon substrate;

forming front windows in the front-side insulating film

over the dopant-containing regions to expose at least a
part of the surface of the dopant-containing regions;
depositing a front-side conductive layer onto the front-side

insulating film and onto the parts of the dopant-contain-
ing regions, which are exposed.

5. The method of claim 4, wherein the step of thermal and
electrical treatment comprises passing electrical current
through the front-side conductive layer to heat the dopant-
containing regions to the temperature required for diffusion
of the dopant from the dopant-containing regions to the sili-
con substrate in order to form the selective emitters and selec-
tive emitter contact regions.

6. The method of claim 3, wherein the method comprises
the following steps, which are completed prior to the step of
electrical and thermal treatment:

forming dopant-containing regions in the areas designed

for the selective emitter regions;

depositing a front-side insulating film at least onto the front

side of the silicon substrate;
forming front windows in the front-side insulating film
over the dopant-containing regions to expose at least a
part of the surface of the dopant-containing regions;

depositing a front-side conductive layer onto the front-side
insulating film and onto the parts of the dopant-contain-
ing regions, which are exposed; said step of thermal and
electrical treatment comprising the step of passing elec-
trical current through the front-side conductive layer to
heat the dopant-containing regions to the temperature
required for diffusion of the dopant from the dopant-
containing regions to the silicon substrate in order to
form the selective emitters.

7. The method of claim 6, comprising the following steps,
which are completed prior to the step of electrical and thermal
treatment:
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depositing a back-side insulating film onto the silicon sub-

strate;

forming back windows in the back-side insulating film to

expose at least a part of the back side of the silicon
substrate; and

depositing a back-side conductive layer that contains a

back-side dopant onto the back-side insulating film and
into the back windows,

8. The method of claim 7, wherein the step of thermal and
electrical treatment further comprises the step of passing
electrical current through the back-side conductive layer to
heat the back-side conductive layer to the temperature
required for diffusion of the back-side dopant from the back-
side conductive layer into the silicon substrate in order to
form the selective BSF regions and contacts to the selective
BSF regions, thus forming an intermediate device structure.

9. The method of claim 8, wherein the pulse electric treat-
ment comprises the step of subjecting the intermediate device
structure to a voltage pulse or pulses between the front-side
conductive layer and the back-side conductive layer to form
fixed charges of opposite signs on the front-side insulating
film and on the back-side insulating film and in order to form
the field-induced emitter and the field-induced BSF region.

10. The method of claim 9, wherein the selective emitter
contact regions are formed by the step of removing the front-
side conductive layer from the front-side insulating film.

11. The method of claim 10, wherein contacts to the selec-
tive BSF regions are formed by the step of removing the
back-side conductive layer from the back-side insulating
film.

12. The method of claim 6, wherein the step of forming
dopant-containing regions comprises a process selected from
the group consisting of screen-printing and jet-printing and
wherein the dopant substance is selected from the group
consisting of doped silicon nanoparticles, phosphorus-con-
taining paste, boron-containing paste, or a combination
thereof.

13. The method of claim 6, wherein the front-side conduc-
tive layer is selected from the group consisting of metals and
metal pastes, said metals being selected from the group con-
sisting of silver, aluminum, titanium, palladium, nickel, or
combinations thereof.

14. The method of claim 7, wherein the back-side conduc-
tive layer is selected from the group consisting of metals and
metal pastes, said metals being selected from the group con-
sisting of silver and aluminum or a combination thereof.

15. The method of claim 2, wherein the step of thermal and
electrical treatment is conducted under thermally insulated
conditions.

16. The method of claim 4, further comprising the follow-
ing steps, which are completed prior to the step of electrical
and thermal treatment:

depositing a back-side insulating film onto the back side of

the silicon substrate;

forming back windows in the insulating film to expose at

least a part of the back side of the silicon substrate; and

depositing a back-side conductive layer that contains a

back-side dopant on the insulating film and into the back
windows.

17. The method of claim 16, wherein the step of thermal
and electrical treatment comprises the step of passing electri-
cal current through the front-side conductive layer and the
back-side conductive layer to heat the front-side conductive
layer and the back-side conductive layer to temperatures
required for diffusion of the dopants from the dopant-con-
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taining regions into the silicon substrate and from the back-
side conductive layer to the silicon substrate in order to form
the selective emitters and the selective BSF regions, thus
forming an intermediate device structure.

18. The method of claim 17, wherein the pulse electrical
treatment comprises the step of subjecting the intermediate
device structure to a voltage pulse or pulses between the
front-side conductive layer and the back-side conductive
layer to form fixed charges of opposite signs on the front-side
insulating film and on the back-side insulating film and in
order to form the field-induced emitter and the field-induced
BSF region.

19. The method of manufacturing a silicon-based semicon-
ductor device comprising a silicon substrate that has a front
side and a back side, selective emitters, selective emitter
contact regions, a field-induced emitter, selective BSF
regions, a field-induced BSF region, and contacts to selective
BSF regions, the method comprising the steps of:

providing a silicon substrate that has a front side and a back

side;

applying a dopant substance onto the front side of the

silicon substrate in the form of dots or stripes, thus
forming dopant-containing regions;

carrying out initial sintering of the dopant-containing

regions in order to solidify the dopant substance and to
form low-doped selective-emitter regions;

forming a front-side silicon oxide layer at least on the front

side of the silicon substrate;

depositing a front-side insulating film onto the silicon

oxide layer;

forming front windows on the front-side insulating film

and on the silicon oxide layer;

forming a silicon oxide layer on the back side of the silicon

substrate;

depositing a back-side insulating film onto the back-side

silicon oxide layer;

forming back windows on the back-side insulating film and

on the back-side silicon oxide layer;

applying a front-side conductive layer onto the front-side

insulating film and onto the front windows and applying
a back-side conductive layer onto the back-side insulat-
ing film and onto the back-side windows;

performing electrical and thermal treatment by passing

electrical current independently through the front-side
conductive layer and through the back-side conductive
layer, thus forming the selective emitters, the selective
BSF regions, selective emitter contact regions, and con-
tacts to the selective BSF regions, thus obtaining an
intermediate device structure;

cooling the intermediate device structure to an equilibrium

state of the intermediate device structure;

subjecting the intermediate device structure to pulse elec-

trical treatment by applying a voltage pulse or pulses
between the front-side conductive layer and the back-
side conductive layer of the intermediate device struc-
ture;

removing the front-side conductive layer from the interme-

diate functional structure.

20. The method of claim 19, further comprising the step of
removing the back-side conductive layer.

21. The method of claim 19, wherein the silicon-based
semiconductor device is a front-side solar cell.

22. The method of claim 20, wherein the silicon-based
semiconductor device is a front-side solar cell.
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