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(57) ABSTRACT 

An e?icient photovoltaic cell, and its process of manufacture, 
is disclosed Wherein the back surface p-n junction is removed 
from a doped substrate having an oppositely doped emitter 
layer. A front surface and edges and optionally the back 
surface periphery are masked and a back surface etch is 
performed. The mask is not removed and acts as an anti 
re?ective coating, a passivating agent, or both. The photovol 
taic cell retains an untextured back surface Whether or not the 
front is textured and the dopant layer on the back surface is 
removed to enhance the cell ef?ciency. Optionally, a back 
surface ?eld is formed. 
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PHOTOVOLTAIC CELL AND PRODUCTION 
THEREOF 

BACKGROUND OF THE INVENTION 

[0001] This invention relates to photovoltaic devices, par 
ticularly photovoltaic devices comprising thin layers of semi 
conductor materials, such as thin layers of monocrystalline or 
multicrystalline silicon. More particularly, this invention 
relates to photovoltaic devices comprising monocrystalline or 
multicrystalline silicon semiconductor materials. These 
devices Which comprise doped Wafers of monocrystalline or 
multicrystalline silicon convert light energy into electrical 
energy. 

[0002] These photovoltaic devices, also knoWn as photo 
voltaic cells, are used to convert light energy into electrical 
energy. Photovoltaic cells can be used to generate energy 
(solar cells) or they can be used as photodector elements in 
other devices. Photovoltaic cells are a source of renewable 
energy. HoWever their use is limited by their electrical output. 
Typically, many photovoltaic cells are arranged in one or 
more panels or modules in order to generate su?icient poWer 
required for a desired commercial or consumer application. 
Photovoltaic cells having greater ef?ciency result in modules 
With greater electrical poWer output. Therefore, it is necessary 
to be able produce a large number of highly e?icient photo 
voltaic cells. It Would be very desirable to be able to reduce 
the manufacturing cost, increase the e?iciency of light con 
version, or both, of such photovoltaic devices. The photovol 
taic cells of this invention are highly e?icient in comparison 
to conventionally produced cells and the process of this 
invention alloWs these highly ef?cient cells to be produced 
more easily than conventionally produced photovoltaic cells. 
[0003] Most photovoltaic cells are fabricated from either 
monocrystalline silicon or multicrystalline silicon. Silicon is 
generally used because it is readily available at a reasonable 
cost due to its use in the microelectronics industry and 
because it has the proper balance of electrical, physical and 
chemical properties for use to fabricate photovoltaic cells. 
During the manufacture of photovoltaic cells, silicon is doped 
With a dopant of either positive or negative conductivity type, 
and is typically cut into thin substrates, usually in the form of 
Wafers or ribbons, by various methods knoWn in the art. 
Throughout this application, the surface of the substrate, such 
as a Wafer, intended to face incident light is designated as the 
front surface and the surface opposite the front surface is 
referred to as the back surface. By convention, positive con 
ductivity type is commonly designated as “p” and negative 
conductivity type is designated as “n.” In this application, “p” 
and “n” are used only to indicate opposing conductivity types. 
In this application, “p” and “n” mean positive and negative 
respectively but can also mean negative and positive respec 
tively. The key to the operation of a photovoltaic cell is the 
creation of a p-n junction, usually formed by further doping 
the front surface of the silicon substrate to form a layer of 
opposite conductivity type from the doped silicon substrate. 
Such a layer is commonly referred to as the emitter layer. In 
the case of a p-doped substrate, the emitter layer Would be 
formed by doping the front surface With an n-type dopant. The 
p-n junction is the interface betWeen the p-doped region and 
the n-doped region. The p-n junction alloWs the migration of 
electron-hole pairs in response to incident photons Which 
causes a potential difference across the front and back sur 
faces of a substrate Wafer. 
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[0004] Fabrication of a photovoltaic cell generally begins 
With a p-doped substrate. The substrate, typically in the form 
of a Wafer, is then exposed to an n-dopant to form an emitter 
layer and a p-n junction. Typically, the n-doped layer is 
formed by ?rst depositing an n-dopant onto the surface of the 
substrate using techniques commonly employed in the art, 
such as spray on, spin on, chemical vapor deposition, or other 
deposition methods. After deposition of the n-dopant upon 
the substrate surface, the n-dopant is driven into the surface of 
the silicon substrate to further diffuse the n-dopant into the 
substrate surface. This “drive-in” step is commonly accom 
plished by exposing the Wafer to heat, often in combination 
With a gas stream comprising oxygen, nitrogen, steam, or a 
combination thereof. The n-doped layer is commonly 
referred to as an emitter layer. 

[0005] A p-n junction is formed at the boundary region 
betWeen the n-doped layer and the p-doped silicon substrate 
The p-n junction is required to alloW the charge carriers to 
migrate in response to incident light. Ideally, the emitter layer 
Would be limited to the surface of the Wafer designed to be 
oriented toWards incident light, Which is referred to as the 
front surface, and, consequently, the p-n junction Would be 
proximal to the front surface only. In practice, hoWever, dop 
ing Will also occur on the edges and the opposing surface of 
the Wafer (the back surface). This results in an emitter layer 
Which covers the entire surface of the Wafer and a p-n junction 
proximal to the entire surface of the Wafer from Which an 
electric current cannot be draWn. It is therefore necessary to 
electrically isolate the front and back junctions. The Wafer 
can be masked so that an emitter layer forms only on selected 
surfaces of the Wafer. HoWever, such masking requires addi 
tional time, materials, and handling, particularly if it must be 
removed later. It Would be advantageous if such a masking 
step could be eliminated or combined With another process 
step. 
[0006] Us. Pat. No. 5,082,791 to Micheels et al. discloses 
the use of an excimer laser to isolate the front p-n junction. 
Micheels et al. use an excimer laser to form a trench on the 
back surface of the substrate. The trench is deeper than the 
n-doped layer and extends along the entire periphery of the 
back surface at a ?xed distance from the edges of the back 
surface. 

[0007] Us. Pat. No. 4,158,591 to Avery et al., Which is 
incorporated by reference herein, discloses a method to elec 
trically isolate the front p-n junction by removing the p-n 
junction from the edges of the substrate Without removing the 
front and rear p-n junctions. Isolation of the front p-n junction 
by removing the edge p-n junction is commonly referred to as 
“edge junction isolation.” The edge junction isolation method 
disclosed by Avery et al. has come to be knoWn as “coin 
stacking.” In the coin stacking process, the photovoltaic cells 
are stacked face to face and the edges are removed. The edges 
can be removed by plasma etching, by Wet chemical etching, 
by physical grinding or other knoWn methods. U.S. Pat. No. 
5,871,591 to Ruby et al., incorporated by reference herein, 
describes a process commonly used to fabricate photovoltaic 
cells. The process described by Ruby et al. includes an edge 
junction isolation step accomplished by the coin stacking 
process. 
[0008] Use of the coin stacking method results in loWer cost 
and higher production rate When compared to previous meth 
ods for isolating the front p-n junction but also has several 
disadvantages. The physical stacking of the Wafers can cause 
some Wafers to be damaged. It is advantageous to minimize 
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the thickness of the silicon substrate because the silicon sub 
strate is a signi?cant portion of the cost and siZe of a photo 
voltaic cell. Unfortunately, the coin stacking method signi? 
cantly limits the thinness of the Wafers. The fraction of Wafers 
that are damaged during coin stacking increases as the Wafer 
thickness decreases. As a result, coin stacking limits the cost 
savings achievable through use of thinner Wafers. Another 
disadvantage of the coin stacking method is that it decreases 
the area of the front surface of a photovoltaic cell. Ideally, 
removal of the edge junction Would result only in the removal 
of the n-doped region. In practice, hoWever, some additional 
depth is also removed from the edge. Typically, the useful 
surface area of the front surface is decreased by about 2 
percent, resulting in a corresponding 2 percent decrease in the 
energy output of the photovoltaic cell. 
[0009] E?iciency of a photovoltaic cell is determined by the 
capacity of the cell to convert incident light energy into elec 
trical energy. Several modi?cations to the design and produc 
tion of photovoltaic cells have been developed to increase 
conversion e?iciency. Chapter 4 of Crystalline Silicon Solar 
Cells, by Martin A. Green, Photovoltaics Special Research 
Centre, University of NeW South Wales, Which is incorpo 
rated by reference herein, discusses photovoltaic cell devel 
opments that increase cell e?iciency including the use of 
texturing, antire?ective coatings, surface passivation, and 
back surface ?elds. 

[0010] Texturing of a photovoltaic cell reduces re?ection of 
incident light by the photovoltaic cell surface. By reducing 
re?ection, more incident light is available for conversion by 
the photovoltaic cell. Texturing is typically accomplished by 
chemical etching and in particular by anisotropic etching of 
the silicon substrate. Antire?ective coatings further reduce 
the re?ection of incident light at the photovoltaic cell surface. 
Antire?ective coatings are typically applied by forming an 
oxide or silicon nitride layer on the Wafer. 

[0011] Surface passivation increases e?iciency of a photo 
voltaic cell by decreasing electronic activity at the surface of 
the photovoltaic cell. Several methods of surface passivation 
are knoWn in the art, including the use of oxide or silicon 
nitride coatings. 
[0012] Back surface ?elds increase the ef?ciency of photo 
voltaic cells. Back surface ?elds are particularly desirable for 
photovoltaic cells With thin substrates. Photovoltaic cells 
With thin substrates have many bene?ts, including reduced 
material requirements, loWer cost and less Weight, but also 
exhibit a decrease in ef?ciency, generally attributed to an 
increase in the diffusion of minority charge carriers to the 
back surface of the cell. Back surface ?elds decrease such 
diffusion of minority carriers and increase the current gener 
ated by majority carriers. US. Pat. No. 5,899,704 to Schlo 
sser et al., incorporated by reference herein, discloses a 
method of creating a back surface ?eld. Generally, a back 
surface ?eld is created by incorporating a thin layer at the 
back surface Which is heavily doped With a dopant of opposite 
conductivity type from the emitter layer. 
[0013] There is a need for a photovoltaic cell With high 
e?iciency and preferably one that can be fabricated at loW 
cost. More particularly, there is a need for a photovoltaic cell 
manufacturing process that isolates the front p-n junction of a 
silicon or other semiconductor substrate Without the 
increased cell damage of the coin stacking method. There is 
also a need for a photovoltaic cell manufacturing process that 
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alloWs for the use of less silicon through thinner Wafers. The 
process of this invention provides such a photovoltaic cell and 
process. 

SUMMARY OF THE INVENTION 

[0014] This invention is a photovoltaic device or cell com 
prising a substrate, suitably in the form of a Wafer, comprising 
silicon doped With a ?rst dopant, and having a front surface, 
an untextured or substantially smooth back surface, at least 
one edge surface, a ?rst layer on the front surface and the at 
least one edge surface comprising a second dopant of a con 
ductivity type opposite to the ?rst dopant, and having a sur 
face coating disposed over the front surface. Preferably, the 
surface coating is also disposed over the at least one edge 
surface and, preferably, the periphery of the back surface. 
This invention is also a photovoltaic device comprising a 
substrate, suitably in the form of a Water, comprising doped 
silicon, having a back surface substantially free of a p-n 
junction and having a p-n junction proximal to a front surface 
and at least one edge surface and having a surface coating 
disposed over the front surface. Preferably, the surface coat 
ing is also disposed over the at least one edge surface and, 
preferably, the periphery of the back surface. The surface 
coating preferably comprises silicon nitride. The front sur 
face of the photovoltaic devices can optionally be textured. 
Preferably, the back surface is free or substantially free of the 
second dopant. Optionally, the photovoltaic devices further 
comprise a back surface ?eld. The photovoltaic cells of this 
invention are useful for converting light energy, e.g. solar 
energy, into electrical energy. The photovoltaic cells of this 
invention are also useful as sensor or detector elements in 
light sensitive devices. The photovoltaic cells of this inven 
tion are highly e?icient and are produced more easily than 
other commercially produced photovoltaic cells. 
[0015] This invention is also a photovoltaic module com 
prising the photovoltaic devices or cells of this invention. 
[0016] This invention is also a process for making a photo 
voltaic device or cell using a substrate, suitably in the form of 
a Wafer, comprising silicon and doped With a ?rst dopant, the 
process comprising the steps of forming a ?rst layer on the 
substrate, the ?rst layer comprising a second dopant of a 
conductivity type opposite the ?rst dopant; forming a surface 
coating disposed over the substrate, preferably such that a 
back surface of the substrate is free or substantially free of the 
surface coating, and removing the second dopant from the 
back surface such that the back surface is free or substantially 
free of the second dopant. Preferably, the surface coating 
comprises silicon nitride. Preferably, the process further com 
prises the step of forming a back surface ?eld. The step of 
removing the second dopant from the back surface such that 
the back surface is free or substantially free of the ?rst dopant 
preferably comprises chemically etching the substrate. 
Optionally, the substrate can be textured and the texture can 
be advantageously removed from the back surface such that 
the back surface is untextured or substantially smooth, pref 
erably by chemical etching. 
[0017] This invention is also a process for making a photo 
voltaic device or cell using a substrate, suitably in the form of 
a Wafer, comprising silicon and doped With a ?rst dopant, the 
process comprising forming a p-n junction proximal to the 
entire surface of the substrate, forming a surface coating 
disposed over the substrate such that a back surface remains 
free or substantially free of the surface coating, and removing 
the p-n junction from the back surface such that the back 
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surface is free or substantially free of the p-n junction. Pref 
erably, the surface coating comprises silicon nitride. Prefer 
ably, the process further comprises the step of forming a back 
surface ?eld. The step of removing the p-n junction from the 
back surface such that the back surface is free or substantially 
free of the p-n j unction preferably comprises chemically etch 
ing the substrate. Optionally, the substrate can be textured and 
the texture can be advantageously removed from the back 
surface such that the back surface is untextured or substan 
tially smooth, preferably by chemical etching. 
[0018] The processes of this invention overcome limita 
tions in the prior art processes for making photovoltaic cells 
and simplify the production of highly e?icient photovoltaic 
cells. 

BRIEF DESCRIPTION OF THE DRAWING 

[0019] FIG. 1 shoWs a schematic cross-section vieW of an 
embodiment of a photovoltaic cell of this invention made in 
accordance With the process of this invention. 

DESCRIPTION OF THE PREFERRED 

EMBODIMENT(S) 
[0020] In one embodiment of this invention, a photovoltaic 
cell is fabricated using a boron doped substrate comprising 
silicon, typically in the form of a Wafer or a ribbon. The 
substrate can comprise monocrystalline silicon and the sub 
strate can comprise multicrystalline silicon. As used herein, 
“silicon” includes monocrystalline silicon and multicrystal 
line silicon unless expressly noted. One or more layers of 
additional material; for example, germanium, may be dis 
posed over the substrate surface or incorporated into the sub 
strate if desired. As used herein, “disposed over” is not 
restricted to a layer being directly over and in contact With the 
object or area it is disposed over. Other intervening materials 
or layers may be present. Although boron is Widely used as 
the p-type dopant, other p-type dopants, for example, gallium 
or indium, Will also su?ice. 
[0021] Wafers are typically obtained by slicing silicon 
ingots, vapor phase deposition, liquid phase epitaxy or other 
knoWn methods. Slicing can be via inner-diameter blade, 
continuous Wire or other knoWn saWing methods. Although 
the substrate can be cut into any generally ?at shape, Wafers 
are typically circular or pseudo-square in shape. By “pseudo 
square,” is meant a predominantly square shape, usually With 
rounded corners. Substrates, typically in the form of a Wafer, 
of this invention are typically less than about 400 microme 
ters thick. Substrates of this invention can be less than about 
200 micrometers thick, preferably less than 150 micrometers 
thick, more preferably less than 100 micrometers thick, and 
most preferably less than 50 micrometers thick. Typically, 
they are at least about 10 micrometers, more preferably 20 
micrometers thick. Circular and pseudo-square substrates are 
typically cut from a cylindrical silicon block having a diam 
eter in the range of 100 mm to 200 mm. In comparison, 
substrates used in the coin-stacking process experience sig 
ni?cant damage if less than about 200 micrometers thick and 
are effectively limited to being greater than 200 micrometers 
thick. 
[0022] The substrate is typically cleaned to remove any 
surface debris and cutting damage. Typically, this includes 
placing the substrate in a Wet chemical bath; for example, a 
solution comprising any one of a base and peroxide mixture, 
an acid and peroxide mixture, a NaOH solution, or several 
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other solutions knoWn and used in the art. The temperature 
and time required depends on the speci?c solution used, for 
example, a 25 Wt % to 35 Wt % aqueous NaOH solution can 
be used at a temperature in the range of about 75 to 95° C. for 
about 20 to about 70 seconds. 

[0023] Optionally (especially for monocrystalline sub 
strates), the substrate can also be texturiZed by, for example, 
anisotropic etching of the crystallographic planes. Texturing 
is commonly in the form of pyramid-shapes depressed or 
projected from the substrate surface. The height or depth of 
the pyramid-shapes is typically from about 4 to about 7 
micrometers. For a typical < l 00> orientation substrate, a loW 
concentration aqueous NaOH solution at elevated tempera 
ture can be used to anisotropically etch the <l00> plane 
revealing the <1 11> plane in pyramid-shape projections. As 
used in this application, a “loW concentration” solution 
means, preferably, a concentration of solute less than about 7 
Wt %. “Elevated temperature” as used herein means, prefer 
ably, a temperature greater than about 80° C. Under such 
conditions, for example, a substrate Would be placed in the 
solution for about 10 to about 30 minutes. 

[0024] An emitter layer is formed typically by doping the 
substrate With an n-type dopant. N-doping can be accom 
plished by depositing the n-dopant onto the substrate and then 
heating the substrate to “drive” the n-dopant into the sub 
strate. Gaseous diffusion can be used to deposit the n-dopant 
onto the substrate surface. HoWever, other methods can also 
be used, such as ion implantation, solid state diffusion, or 
other methods used in the art to create an n-doped layer and a 
shalloW p-n junction proximal to the substrate surface. Phos 
phorus is a preferred n-dopant, but any suitable n-dopant can 
be used alone or in combination, such as arsenic, antimony or 
lithium. Typically, a plurality of substrates are placed in a tray 
such that the front and back surfaces and the edges of the 
substrate are exposed to the n-dopant. Using this method, an 
emitter layer and p-n junction created in the n-doping process 
are formed along all of the surfaces of the substrate. 

[0025] The depth of the n-doped layer at the front surface is 
typically greater than about 0.1 micrometer, preferably 
greater than about 0.2 micrometers and is typically less than 
about 0.5 micrometers, preferably less than about 0.3 
micrometers. The surface dopant concentration of the emitter 
layer at the front surface is preferably greater than about 101 8 
atoms/cm3, more preferably greater than about 1019 atoms/ 
cm3 . The surface dopant concentration of the emitter layer at 
the front surface can be as high as saturation, but is typically 
less than about 1022 atoms/cm3, more preferably less than 
about 1021 atoms/cm3, most preferably the surface dopant 
concentration of the emitter layer is about 1020 atoms/cm3. 
The n-doping process typically creates a layer of silicon oxide 
on the surfaces of the Wafer. The silicon oxide can function as 
an antire?ective coating and as a surface passivator; HoWever, 
the silicon oxide layer can be advantageously removed in 
favor of a coating such as silicon nitride and back surface 
etching. The silicon oxide can be removed through, for 
example, chemical etching in a Wet chemical bath, typically a 
loW concentration HF solution at ambient temperature for 
about 10 to about 40 seconds. 

[0026] A surface coating or ?lm is applied to the substrate. 
The surface coating is applied after the creation of the emitter 
layer and is disposed over the emitter layer at the front surface 
and preferably the edge surface, and more preferably over the 
edge surface and the periphery of the back surface. The sur 
face coating masks the front surface, preferably the edges, 
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and more preferably the edges and the periphery of the back 
surface, during back surface etching and preferably serves 
one or more of the following functions: anti-re?ective coat 

ing, surface passivation, and bulk passivation. Silicon nitride 
is preferred as a surface coating because it can function as a 

mask, an antire?ective coating, provide surface passivation 
and provide bulk passivation. Preferably, hydrogen is trapped 
in such a silicon nitride surface coating. HoWever, the surface 
coating can be any coating, ?lm or combinations of coatings 
or ?lms Which can function as a mask and preferably serves 

one or more of the above functions. Other possible substances 
that can be used as a surface coating include tantalum oxide, 
silicon dioxide, and titanium oxide. Combination of any such 
coatings, ?lms and dielectrics can also be used as a surface 
coating. 
[0027] The surface coating is typically applied using 
plasma enhanced chemical vapor deposition or other tech 
niques knoWn in the art, such as atmospheric chemical vapor 
deposition (APCVD), thermal oxidation, screen printing of 
pastes, inks or sol gel, etc. The surface coating is applied so 
that it is disposed over the front surface and preferably the 
edges of the substrate preferably by placing the back surface 
of the substrate against a plate. This may be accomplished by 
placing a plurality of substrates horizontally on a tray orplate. 
Substrates can also be placed vertically or at an angle such 
that the back surface is against a ?at surface; for example, a 
graphite plate. The back surface of the substrate remains free 
or substantially free of the surface coating. By “substantially 
free of the surface coating” is meant that surface coating 
disposed over the back surface is limited to the periphery of 
the back surface; for example, less than about 5 mm from an 
edge of the substrate. The surface coating disposed over the 
front surface of the substrate is preferably silicon nitride and 
is preferably greater than about 65 nanometers, more prefer 
ably greater than about 70 nanometers, most preferably, 
greater than about 72 nanometers; and preferably less than 
about 120 nanometers, more preferably less than 100 nanom 
eters, most preferably less than about 77 nanometers thick. 

[0028] After the surface coating is applied, the substrate is 
subjected to back surface etching to remove the p-n junction 
and, if present, texturing from the uncoated portion back 
surface. The surface coating acts as a mask for the front 
surface, preferably also the edges, more preferably the edges 
and the back surface periphery, and therefore limits the etch 
ing to the uncoated portion of the substrate. Back surface 
etching is generally accomplished by placing the substrate in 
a chemical bath to remove the n-doped region from the back 
surface. The type of chemical used, the temperature of the 
bath and the time the substrate is kept in the bath are depen 
dant upon the material used for the substrate. For example, a 
30 Wt % aqueous NaOH bath at a temperature in the range of 
from about 80° C. to about 92° C. can be used for either 
monocrystalline or multicrystalline silicon. A monocrystal 
line silicon substrate Would be exposed, for example, to the 
bath for about 80 seconds to about 100 seconds. A multicrys 
talline silicon substrate Would generally be exposed to the 
bath for a longer period of time, for example, at least about 3 
minutes and up to, for example, about 6 minutes. Any etch, 
and preferably a chemical etch, capable of removing the 
n-doped region of the back surface can be used at a tempera 
ture and for a time period that effects removal of the n-doped 
region of the back surface Without substantial degradation of 
the surface coating. By “Without substantial degradation” is 
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meant that the surface coating remains disposed over the front 
face, preferably also the edges, and, preferably, the back 
periphery of the substrate. 
[0029] After the etch to remove the p-n junction from the 
back surface, the substrate can be cleaned With another 
chemical etch for example, a 4 Wt % solution of HF, prior to 
rinsing and drying the Wafer. Back surface etching results in 
an untextured or substantially smooth back surface. As used 
herein, “substantially smooth” back surface preferably means 
that the back surface is untextured except for the portion of the 
back surface, if any, over Which a surface coating is disposed. 
“Untextured” as used herein, preferably means the absence of 
peaks or valleys on the substrate surface; for example, the 
absence of anisotropic etch surface topography or, as further 
example, having a surface topography consistent With isotro 
pic etching. Back surface etching also results in a back surface 
Which is free or substantially free of n-dopant and free or 
substantially free of a p-n junction. As used herein, “substan 
tially free of n-dopant” preferably means that the n-dopant 
has been etched from the back surface except that n-dopant 
may still be present at the portion of the back surface over 
Which a surface coating is disposed. After etching, some 
n-dopant can be present in the unmasked region of the back 
surface at a substantially reduced surface concentration; for 
example, a surface concentration less than about 1015 atoms/ 
cm3, preferably less than about 1013 atoms/cm3, more pref 
erably less than about 101 l atoms/cm3 . As used herein, “sub 
stantially free of a p-n junction proximal to the back surface” 
means that the p-n junction proximal to the portion of the back 
surface over Which the surface coating is not disposed is 
removed or rendered ineffective due to a decreased concen 
tration of n-dopant, for example, a back surface concentration 
of n-dopant less than about 1015 atoms/cm3, preferably less 
than about 1013 atoms/cm3, more preferably less than about 

ll 

10 atoms/cm3, Where the “atoms” are the atoms of dopant. 
[0030] Front and back contacts are then applied to the sub 
strate. Typically, contacts are in the form of a conductive 
metal placed on or into the front and back surfaces. 

[0031] The contacts can be created using photolithographic 
methods, by laser grooving and electroless plating methods, 
screen printing, or any other method that provides good 
ohmic contact With the front and back surfaces respectively 
such that electric current can be draWn from the photovoltaic 
cell. Typically, the contacts are present in a design or pattern, 
for example a grid, ?ngers, lines, etc., and do not cover the 
entire front or back surface. The contacts are preferably 
screen printed onto the substrate using a conductive metal 
paste; for example, a silver paste. The contacts are typically 
screen printed onto one surface, alloWed to dry and then 
printed on the opposite surface. After applying the contacts, 
the substrate is ?red, typically at a temperature of from about 
800 to about 950° C., to anneal the contacts to the substrate. 
Methods for adding contacts to a Wafer substrate for a pho 
tovoltaic cell are knoWn in the art. See, for example, U.S. Pat. 
Nos. 4,726,850 and 4,748,130 Which are incorporated by 
reference herein, and Which disclose methods for forming 
buried contacts. 

[0032] Preferably, the process of this invention includes the 
formation of a back surface ?eld to increase the ef?ciency of 
the photovoltaic cell. A back surface ?eld is preferably 
formed contemporaneously With the forming of the back 
contacts. HoWever, it can be formed either before or after 
forming the back contacts. A back surface ?eld can be gen 
erated by forming a p+ layer on at least a portion of the back 
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surface of the substrate. A p+ layer is a layer heavily doped 
With a p-type substance. By “heavily doped” We mean, pref 
erably, that the doping is substantially greater doping than the 
p-doping of the substrate. The depth of the layer is typically 
equal to or less than the depth of the emitter layer and pref 
erably less than about 0.5 micrometers, more preferably less 
than about 0.3 micrometers; and is preferably greater than 
about 0.1 micrometers, more preferably greater than about 
0.2 micrometers in depth. The peak doping concentration of 
the p+ layer is advantageously greater than about 1017 atoms/ 
cm3, preferably greater than about 1018 atoms/cm3. The p+ 
doping concentration can be as great as the saturation point; 
HoWever, it is preferably less than about 1020 atoms/cm3, 
more preferably less than about 1019 atoms/cm3, Where the 
“atoms”are atoms of dopant. 

[0033] The p+ layer is advantageously formed by alloying 
a substance into the back surface of the substrate. Aluminum 
is typically used but any substance can be used Which is 
capable of alloying With the substrate and resulting in a p+ 
layer. Aluminum, or other alloying substance such as, for 
example, boron, gallium or indium, is deposited onto the back 
surface of the substrate. The aluminum or other alloying 
substance is preferably applied using screen printing tech 
niques. Methods for screen printing materials such as pastes 
are, as stated above, knoWn in the art. The substrate is then 
?red at a temperature suf?cient to alloy the aluminum or other 
substance, as mentioned above, used to form a p+ layer to the 
silicon Wafer substrate, preferably at a temperature of about 
800 to about 9500 C., thereby creating a back surface ?eld. In 
one embodiment of this invention, the front and rear contacts 
are screen printed onto the substrate and dried folloWed by 
screen printing of aluminum onto the back surface of the 
substrate. Preferably, the aluminum is limited to portions of 
the back surface not covered by the back contact. The contacts 
and the aluminum can then be ?red in one ?ring step. 

[0034] Optionally, the portion of the n-doped layer at the 
periphery of the back surface may be removed after doping 
and before application of the surface coating. Such removal 
can be accomplished by using an etchant, laser scribing, 
mechanical scribing, or other knoWn removal methods. For 
example, a commercial isotropic silicon etchant paste can be 
used to remove the n-doped layer at the periphery of the back 
surface of a silicon substrate by applying the etchant onto the 
periphery of the back surface, heating the substrate to 
elevated temperature, and then Washing the substrate With, for 
example, de-ioniZed Water. The particular temperature and 
the period of time that the substrate is heated Will depend 
upon the particular etchant used. This optional step could be 
included if formation of the surface coating disposed over the 
back surface periphery is unpredictable, non-uniform, or 
both, to such an extent that unacceptable number of the pho 
tovoltaic cells fail to function properly. For example, this 
optional step could be added if, in an automated manufactur 
ing process, variation in the surface coating disposed over the 
back surface periphery is greater than the tolerances of doWn 
stream equipment. 
[0035] One bene?t of this process and of the resulting pho 
tovoltaic cell arises from eliminating the edge junction isola 
tion step. This process results in feWer cells being damaged in 
the edge junction isolation step and also permits use of a 
thinner silicon Wafer than that Which can be effectively used 
in processes employing a “coin stacking” step. The method of 
this invention avoids the decrease in surface area of the front 
surface that results from an edge junction isolation step. Thus, 
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the preferred photovoltaic cells of this invention do not have 
an edge that Was treated to remove the p-n junction. The 
photovoltaic cells of this invention can have a front surface 
area at least about 2 percent greater than photovoltaic cells 
made using the same initial substrate siZe and employing an 
edge junction isolation step. Thus, the photovoltaic cells of 
this invention can have a p-n front surface area that is (prior to 
the addition of the front contact) at least about 95 percent of 
the total area of the front surface of the substrate used to make 
the cell, preferably at least about 98 percent, more preferably 
at least about 99 percent and most preferably about 100 per 
cent of the total area of the front surface of the substrate used 
to make the cell. As used herein “p-n front surface area” 
means the area of the front surface of the cell prior to adding 
the front contacts that has a proximal p-n junction. The pro 
cess of this invention also eliminates the need for plasma 
etching apparatus typically used for edge junction isolation in 
accordance With the coin stacking method. 
[0036] The method of this invention also avoids the addi 
tional processing steps involved in using lasers to isolate the 
front p-n j unction Further process improvements are achieved 
by using silicon nitride as a surface coating to serve as both an 
antire?ective coating and a mask for etching of the back 
surface. 

[0037] Another bene?t of the photovoltaic cells of this 
invention is that the back surface of the cell is free or substan 
tially free of any n-dopant. Prior art cells utiliZing back sur 
face ?elds alloy a compound, typically aluminum, through an 
n-doped layer on the back surface and into the silicon sub 
strate. The n-dopant compound is not removed, therefore the 
e?icacy of the resulting back surface ?eld is reduced com 
pared to a cell utiliZing the same alloying process but having 
a back surface Which is free or substantially free of n-dopant. 
Removal of the back n-doped layer increases the effective 
ness of the back surface ?eld and increases the ef?ciency of 
the resulting photovoltaic cell. 
[0038] A further bene?t of the photovoltaic cells of this 
invention is that the back surface is preferably substantially 
smooth as opposed to textured. The e?iciency of photovoltaic 
cells is improved by front surface texturing; HoWever, textur 
ing typically occurs on both the front and back surfaces of a 
substrate. It is Well knoWn that a substantially smooth, untex 
tured back surface results in better back surface passivation. 
The process of this invention removes texturing on the back 
surface and provides the advantageous substantially smooth 
or untextured back surface qualities. 

[0039] FIG. 1 shoWs a cross-section of a cell 10 in accor 
dance of an embodiment of this invention. The photovoltaic 
cell 10 comprises a textured, boron-doped substrate 20. The 
texture is symbolically depicted as 26. A textured, n-doped 
layer 30, formed by phosphorus diffusion, is present on the 
front surface 22, the edges 23, and the periphery 28 of the 
substantially smooth back surface 24. A p-n junction 32 is 
present Where the boron doped substrate 20 meets the 
n-doped layer 30. A surface coating 40 is disposed over the 
n-doped layer 30 of the cell on the edges 23, the front surface 
22, and the periphery 28 of the back surface 24. The surface 
coating 40 masked the edges, the periphery 28 of the back 
surface 24, and the front surface 22 of the cell 10 during back 
surface etching. Back surface etching removed the texture 
and the phosphorus from the back surface 24. A p+ layer 34 
Was formed on the back surface 24 by alloying aluminum to 
the back surface 24. The p+ layer 34 creates a back surface 
?eld. Contacts (not shoWn) Would be placed on the front 
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surface 22 and the back surface 24 to draw a current from the 
cell When it is exposed to sunlight or other light source. 
[0040] Without limiting the scope of this invention, the 
advantageous e?iciency of an embodiment of the photovol 
taic cells of this invention is demonstrated by the folloWing 
example. 

EXAMPLE 

[0041] Photovoltaic cells Were made according to the pro 
cess of this invention using monocrystalline boron-doped 
pseudo-square silicon substrates having a diameter of 150 
mm and straight side Width of 125 mm. The substrate thick 
ness Was 300 micrometers. The p-n junction Was created by 
phosphorous diffusion after texturing of the substrate. The 
substrate Was coated With silicon nitride in accordance With 
the process of this invention such that the thickness of the 
silicon nitride coating on the front surface Was about 74 to 75 
nanometers. Texture and phosphorous doping Were removed 
from substantially all of the back surface by back surface 
etching in a 30 Wt % aqueous NaOH bath for about 90 seconds 
at a temperature in the range of 81 to 91° C. Front and back 
contacts Were applied by screen printing method using a 
silver paste. Aluminum Was then screen printed onto the 
portion of the back surface free of silver and free of silicon 
nitride. The cells Were then ?red at a temperature of about 
895° C. These cells are referred to as non-phosphorous planar 
back surface ?eld cells (NPPBSF). 128 NPPBSF cells Were 
produced. 
[0042] Comparative photovoltaic cells Were also produced 
(“base line” cells) using monocrystalline boron-doped 
pseudo-square silicon substrates having a diameter of 150 
mm and straight side Width of 125 mm. The substrate thick 
ness Was 300 micrometers. The base line cells Were textured 
and phosphorous doped in a manner and under conditions 
identical to the NPPBSF cells. The edge junctions of the base 
line cells Were then removed by plasma etch using the coin 
stacking method. The base line cells Were then coated With 
silicon nitride such that the thickness of the silicon nitride 
coating on the front surface Was 74 to 75 nanometers thick. 
Front and back contacts Were applied using the same pattern 
as the NPPBSF cells by screen printing method using a silver 
paste. Aluminum Was then screen printed onto the portion of 
the back surface free of silver and free of silicon nitride. The 
cells Were then ?red at a temperature of about 895° C. 279 
base line cells Were produced. 
[0043] The ef?ciency of NPPBSF cells and the base line 
cells Was measured using a 100 mW/cm2 tungsten light 
source calibrated With standard cell data measured With 
AM1.5 spectrum and 100 mW/cm2 at 25° C. The cells Were 
then sorted according to the measured e?iciency. The results 
are shoWn in Table 1. 

[0044] These results shoW that photovoltaic cells of this 
invention and made in accordance With the process of this 
invention are superior in ef?ciency in converting light energy 
into electrical energy. 

TABLE 1 

Ei?ciencv Distribution ofNPPBSF Cells Compared to Base Line Cells 

Ei?ciency Range Base Line Cells NPPBSF Cells 

Below 14.5 0.36% 2.34% 
14.5-15.0 1.79% 2.34% 
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TABLE 1-continued 

Ei?ciencv Distribution ofNPPBSF Cells Compared to Base Line Cells 

Ef?ciency Range Base Line Cells NPPBSF Cells 

15.0-15.5 36.20% 3.13% 
15.5-16.0 61.65% 40.63% 
16.0-16.5 0.00% 51.56% 

That Which is claimed is: 
1. A photovoltaic device comprising: 
(a) a substrate comprising silicon doped With a ?rst dopant 

the substrate having a front surface, a substantially 
smooth back surface, and at least one edge surface; 

(b) a ?rst layer comprising a second dopant of a conduc 
tivity type opposite to the ?rst dopant at the front surface 
and at the at least one edge surface; and 

(c) a surface coating disposed over the front surface. 
2. The photovoltaic device of claim 1 Wherein the surface 

coating is disposed over the at least one edge surface. 
3. The photovoltaic device of claim 2 Wherein the surface 

coating is disposed over the periphery of the back surface. 
4. The photovoltaic device of claim 1 Wherein the front 

surface is textured. 
5. The photovoltaic device of claim 1 Wherein the back 

surface is free or substantially free of the second dopant. 
6. The photovoltaic device of claim 5 further comprising a 

back surface ?eld. 
7. The photovoltaic device of claim 6 Wherein the back 

surface ?eld is formed by a second layer at at least a portion 
of the back surface, the second layer comprising aluminum 
alloyed With the substrate. 

8. The photovoltaic device of claim 1 Wherein the surface 
coating comprises silicon nitride. 

9. A photovoltaic module comprising the photovoltaic 
device of claim 1. 

10. A photovoltaic device comprising: 
(a) a substrate comprising doped silicon, the substrate hav 

ing a back surface substantially free of a p-n junction and 
having a p-n junction proximal to a front surface and a 
p-n junction proximal to at least one edge surface; and 

(b) a surface coating disposed over the front surface. 
11. The photovoltaic device of claim 10 Wherein the sur 

face coating is disposed over the at least one edge surface. 
12. The photovoltaic device of claim 11 Wherein the sur 

face coating is disposed over the periphery of the back sur 
face. 

13. The photovoltaic device of claim 10 Wherein the front 
surface is textured. 

14. The photovoltaic device of claim 13 Wherein the back 
surface is substantially smooth. 

15. The photovoltaic device of claim 14 further comprising 
a back surface ?eld. 

16. The photovoltaic device of claim 10 Wherein the sur 
face coating comprises silicon nitride. 

17. (canceled) 
18. (canceled) 
19. (canceled) 
20. (canceled) 
21. (canceled) 
22. A process for making a photovoltaic device using a 

substrate comprising doped silicon, the process comprising 
the steps of: 
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(a) forming a p-n junction proximal to the entire surface of 
the substrate; 

(b) forming a surface coating disposed over the substrate 
such that a back surface remains free or substantially 
free of the surface coating; and 

(c) removing the p-n junction from the back surface such 
that the back surface is free or substantially free of the 
p-n junction. 

23. The process according to claim 22 Wherein the surface 
coating comprises silicon nitride. 

24. The process according to claim 22 further comprising 
the step of texturing the substrate. 

25. The process according to claim 24 further comprising 
the step of removing the texture from the back surface such 
that the back surface is substantially smooth. 
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26. The process according to claim 25 further comprising 
the step of forming a back surface ?eld. 

27. A process for making a photovoltaic device using a 
substrate comprising silicon doped With a ?rst dopant, the 
process comprising the steps of: 

(a) forming a ?rst layer on at least a front surface of the 
substrate, the ?rst layer comprising a second dopant of a 
conductivity type opposite the ?rst dopant; 

(b) forming a surface coating disposed over the substrate 
such that a back surface of the substrate is free or sub 
stantially free of the surface coating; and 

(c) etching the back surface of the substrate. 

* * * * * 


