SOLAR CELL MODULE WITH HIGH ELECTRIC SUSCEPTIBILITY LAYER

TECHNICAL FIELD

[0001] Embodiments of the subject matter described herein relate generally to solar

cells, and more particularly to solar cell modules.

BACKGROUND

[0002] Solar cells are well known devices for converting solar radiation to electrical
energy. A solar cell has a front side that faces the sun during normal operation to collect
solar radiation and a backside opposite the front side. Solar radiation impinging on the
solar cell creates electrical charges that may be harnessed to power an external electrical
circuit, such as a load.

[0003] Several solar cells may be connected together to form a solar cell array. The
solar cell array may be packaged into a solar cell module, which includes protection
layers that allow the solar cell array to withstand environmental conditions in the field.
Embodiments of the present disclosure pertain to solutions for increasing efficiency and

addressing surface degradation mechanisms of solar cells in solar cell modules.

SUMMARY
[0003A] In one aspect, a solar cell module is provided, comprising a plurality of solar
cells, the plurality of solar cells having front sides facing the sun during normal operation
and backsides opposite the front sides;

a high electric susceptibility layer on the plurality of solar cells, the high electric
susceptibility layer having an electric susceptibility of at least 100;

an encapsulant encapsulating the plurality of solar cells; and

a transparent top cover on the high electric susceptibility layer.
[0003B] In one aspect, a solar cell module is provided, comprising_a plurality of solar
cells, the plurality of solar cells having front sides facing the sun during normal operation
and backsides opposite the front sides;

a protective package that encases the plurality of solar cells; and

a first high electric susceptibility layer on the front sides of the plurality of solar
cells, the first high electric susceptibility layer having an electric susceptibility of at least

100.



[0003C] In one aspect, a solar cell module is provided, comprising a solar cell;

a protective package that encases the solar cell; and

a first high electric susceptibility layer on the solar cell, the first high electric
susceptibility layer having an electric susceptibility of at least 100 and polarized such
that a sheet charge is on a surface of the first high electric susceptibility layer that faces
toward the solar cell.
[0004] In one embodiment, a solar cell module includes solar cells that are encased
in a protective package and a high electric susceptibility layer that is placed on the solar
cells. The high electric susceptibility layer is polarized such that a sheet charge is
developed at the interface of the high electric susceptibility layer and the solar cells. The
protective package includes an encapsulant that encapsulates the solar cells. The
encapsulant may be a multilayer encapsulant, with the high electric susceptibility layer
being a layer of the encapsulant. The high electric susceptibility layer may also be a
material that is separate from the encapsulant.
[0005] These and other features of the present disclosure will be readily apparent to
persons of ordinary skill in the art upon reading the entirety of this disclosure, which

includes the accompanying drawings and claims.

BRIEF DESCRIPTION OF THE DRAWINGS
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[0006] A more complete understanding of the subject matter may be derived by
referring to the detailed description and claims when considered in conjunction with the
following figures, wherein like reference numbers refer to similar elements throughout
the figures. The figures are not drawn to scale.

[0007] FIG. 1 shows a solar cell module in accordance with an embodiment of the
present disclosure.

[0008] FIGS. 2 and 3 show schematic diagrams of a high electric susceptibility layer
on a front surface of a solar cell in accordance with embodiments of the present
disclosure.

[0009] FIG. 4 shows a high electric susceptibility layer that is being polarized using
a conductive material in accordance with an embodiment of the present disclosure.
[0010] FIG. 5 shows a multilayer encapsulant with a high electric susceptibility layer
in accordance with an embodiment of the present disclosure.

[0011] FIGS. 6-8 are cross-sectional views schematically illustrating fabrication of a
solar cell module in accordance with an embodiment of the present disclosure.

[0012] FIGS. 9-11 are cross-sectional views schematically illustrating fabrication of

a solar cell module in accordance with another embodiment of the present disclosure.

DETAILED DESCRIPTION

[0013] In the present disclosure, numerous specific details are provided, such as

examples of apparatus, components, and methods, to provide a thorough understanding
of embodiments. Persons of ordinary skill in the art will recognize, however, that the
embodiments can be practiced without one or more of the specific details. In other
instances, well-known details are not shown or described to avoid obscuring aspects of
the disclosure.

[0014] FIG. 1 shows a solar cell module 100 in accordance with an embodiment of
the present disclosure. The solar cell module 100 is a so-called “terrestrial solar cell
module” in that it is designed for use in stationary applications, such as on rooftops or by
power generating stations. In the example of FIG. 1, the solar cell module 100 includes
an array of interconnected solar cells 101. Only some of the solar cells 101 are labeled in
FIG. 1 for clarity of illustration. Visible in FIG. 1 are the front sides of the solar cells

101, which are directed toward the sun during normal operation to collect solar radiation.
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The backsides of the solar cells 101 are opposite the front sides. A frame 102 provides
mechanical support for the solar cell array.

[0015] In the example of FIG. 1, the solar cells 101 comprise all back contact solar
cells, which are susceptible to front surface degradation mechanisms, such as potential
induced degradation (e.g., high voltage degradation, cell polarization) and degradation
due to exposure to ultraviolet radiation. In an all back contact solar cell, the P-type and
N-type diffusion regions of the solar cell and the metal contacts to the P-type and N-type
diffusion regions are all on the backside of the solar cell. In other embodiments, the
solar cells 101 comprise front contact solar cells. In a front contact solar cell, diffusion
regions of one polarity (e.g., N-type diffusion regions) are on the front side of the solar
cell, and diffusion regions of the opposite polarity (e.g., P-type diffusion regions) are on
the backside of the solar cell.

[0016] The front portion 103 of the solar cell module 100 is on the same side as the
front sides of the solar cells 101 and is visible in FIG. 1. The back portion 104 of the
solar cell module 100 is under the front portion 103. As will be more apparent below,
the front portion 103 includes layers of protective materials that are formed on the front
sides of the solar cells 101.

[0017] FIG. 2 shows a schematic diagram of a high electric susceptibility layer 201
on a front surface of a solar cell 101 in accordance with an embodiment of the present
disclosure. Generally speaking, electric susceptibility is a dimensionless proportionality

constant that indicates the degree of polarization of a dielectric material in response to an
applied electric field. More particularly, electric susceptibility )fe is a constant of

proportionality relating an electric field E to the induced dielectric polarization density P

such that:
P=Efe E (EQ. 1)
where P is the polarization density, € is the electric permittivity of free space, Y is the

electric susceptibility, and E is the electric field.

[0018] The layer 201 has “high electric susceptibility” in that it comprises a material
with high enough electric susceptibility (e.g., at least 100) to allow the high electric
susceptibility layer 201 to be polarized, as in a capacitor, and induce a sheet charge at its

surface when placed in an electric field. When the high electric susceptibility layer 201
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is placed near a surface of a solar cell, the sheet charge induced by the electric field may
be used to repel or attract charge carriers to reduce degradation, to increase the efficiency
of the solar cell, etc.

[0019] In one embodiment, the solar cell 101 comprises an N-type silicon substrate.
Because the bulk silicon of the solar cell 101 is N-type, the majority charge carriers in
the solar cell 101 are electrons. The high electric susceptibility layer 201 may be
polarized with a polarization vector 202 pointed toward the front surface of the solar cell
101 as shown in FIG. 2. This results in a positive sheet charge on the surface of the high
electric susceptibility layer 201 that faces the solar cell 101, particularly at the interface
203. The positive sheet charge adds to the potential that repels the hole minority charge
carriers at the interface 203, thereby reducing surface recombination to retard surface
degradation and to increase solar cell efficiency.

[0020] As shown in FIG. 3, the high electric susceptibility layer 201 may also be
polarized with a polarization vector 202 pointed away from the front surface of the solar
cell 101. This results in a negative sheet charge on the surface of the high electric
susceptibility layer 201 that faces the solar cell 101, particularly at the interface 203. A
negative sheet charge may be beneficial for reducing surface recombination in a solar
cell 101 where the majority charge carriers are holes, as in embodiments where the solar
cell 101 has a P-type silicon substrate. In those embodiments, the electron minority
charge carriers at the interface 203 are advantageously repelled by the negative sheet
charge.

[0021] Depending on the configuration of the solar cell 101, a particular sheet charge
polarity at the interface 203 of the high electric susceptibility layer 201 and the solar cell
101 may exacerbate particular front surface degradations. For example, when the sheet
charge induced at the interface 203 is negative and the majority charge carriers in the
solar cell 101 are electrons, the negative sheet charge may attract hole minority charge
carriers toward the high electric susceptibility layer 201, thereby accelerating
degradation due to cell polarization. To minimize cell polarization, the high electric
susceptibility layer 201 may have a “high resistivity,” such as an electrical resistivity of
at least 1x10'* Ohm-cm to prevent or minimize leakage current through the high electric
susceptibility layer 201. More particularly, in one embodiment, the high electric
susceptibility layer 201 may have an electrical resistivity of at least 1x10'* Ohm-cm and

an electric susceptibility of at least 100.
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[0022] The high electric susceptibility layer 201 may comprise a polymer, such as
polyethylene or polyolefin. In one embodiment, to polarize the polymer, the polymer is
exposed to an electric field that is applied at temperatures high enough to orient dipoles
of the polymer. The temperature is then lowered in an amount of time that is shorter
than the relaxation time to freeze-in the dipoles. The polarization of the polymer may be
done either during lamination or during the extrusion process of encapsulant films.
Additives may also be used in the formulation of the polymer to increase the electric
susceptibility and relaxation time at standard operating temperatures of the solar cell
module 100. Organic additives, such as champoric imide or champhoric anhydride, may
be used to double the dielectric properties of amorphous polymer matrixes without
substantially affecting critical properties, such as electrical resistivity and optical
transparency.

[0023] The high electric susceptibility layer 201 may also be polarized by placing the
high electric susceptibility layer 201 adjacent to a material that facilitates exposure of the
susceptibility layer 201 to an electric field. For example, as shown in FIG. 4, a sheet of
electrically conductive material 207 (e.g., indium tin oxide; high electrical conductivity
encapsulant) may be placed between the high electric susceptibility layer 201 and a
transparent top cover 221. An electrical lead may be attached to the electrically
conductive material 207 for faster polarization of the high susceptibility layer 201.

[0024] A high electric susceptibility layer 201 may be incorporated in the solar cell
module 100 as an encapsulant or a separate layer of material. In the example of FIG. 5,
an encapsulant 210 is a multilayer encapsulant having high electric susceptibility layers
212 and a high resistivity layer 211. Depending on the process of fabricating the
encapsulant 210, the encapsulant 210 may only have a bottom high electric susceptibility
layer 212 placed on the front surface of the solar cell 101; the encapsulant 210 has no top
high electric susceptibility layer 212 in that embodiment.

[0025] The encapsulant 210 may comprise a polymer, such as polyethylene or
polyolefin, with high electrical resistivity. The top and bottom portions of the
encapsulant 210 may be doped with additives to increase their electric susceptibility,
while leaving the bulk of the encapsulant 210 free of the additives. The doped top and
bottom portions of the encapsulant 210 form the high electric susceptibility layers 212
and the undoped bulk of the encapsulant 210 forms the high resistivity layer 211. The
bottom high electric susceptibility layer 212, i.e., the layer that interfaces with the solar
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cell 101, is polarized to induce a sheet charge at the interface 204 of the encapsulant 210
and the solar cell 101. The high electric susceptibility layer 212 may be polarized to
induce the sheet charge (e.g., positive sheet charge) during extrusion of the encapsulant
210, for example.

[0026] FIGS. 6-8 are cross-sectional views schematically illustrating fabrication of a
solar cell module 100A in accordance with an embodiment of the present disclosure.
The solar cell module 100A is a particular embodiment of the solar cell module 100 of
FIG. 1.

[0027]  FIG. 6 is an exploded view showing the components of the solar cell module
100A in accordance with an embodiment of the present disclosure. The solar cell
module 100A may comprise a transparent top cover 221, an encapsulant 223-1, a high
electric susceptibility layer 220, serially connected solar cells 101, an encapsulant 223-2,
and a backsheet 224. In one embodiment, the encapsulants 223-1 and 223-2 are separate
sheets of the same type of encapsulant.

[0028] The transparent top cover 221, which is the topmost layer on the front portion
103, protects the solar cells 101 from the environment. The solar cell module 100A is
installed in the field such that the transparent top cover 221 faces the sun during normal
operation. The front sides of the solar cells 101 face toward the sun by way of the
transparent top cover 221. The transparent top cover 201 may comprise glass.

[0029]  The encapsulants 223 (i.e., 223-1, 223-2) may comprise poly-ethyl-vinyl
acetate (“EVA”), polyolefin, polyethylene, or other encapsulant material suitable for
solar cell modules. The backsheet 224 may comprise Tedlar/Polyestet/EVA (“TPE”),
Tedlar/Polyester/Tedlar (“TPT”), or a multilayer backsheet comprising a fluoropolymer,
to name some examples.

[0030] In the example of FIG. 6, a separate high electric susceptibility layer 220 is
placed between the encapsulant 223-1 and the front sides of the solar cells 101. The high
electric susceptibility layer 220 may have an electric susceptibility of at least 100 and, in
some embodiments, an electrical resistivity of at least 1x10'* Ohm-cm. The high electric
susceptibility layer 220 does not necessarily have a high electrical resistivity, especially
in embodiments where the encapsulant 223-1 has a high electrical resistivity or where
leakage current from the front surfaces of the solar cells 101 to the transparent cover 221

does not result in significant front surface degradation.
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[0031] In FIG. 7, the transparent top cover 221, the encapsulant 223-1, the high
electric susceptibility layer 220, the encapsulant 223-2, and the backsheet 224 are formed
together to create a protective package that encases the solar cells 101. In some
embodiments, the aforementioned components may be formed together in the stacking
order of FIG. 6. More particularly, the solar cells 101 are placed between the
encapsulants 223-1 and 223-2, with the high electric susceptibility layer 220 between the
encapsulant 223-1 and the front surfaces of the solar cells 101. The backsheet 224 is
placed under the encapsulant 223-2, and the transparent top cover 221 is placed directly
on the encapsulant 223-1. These components of the solar cell module 100A are then
pressed and heated together by vacuum lamination, for example. The lamination process
melts the encapsulants 223-1 and 223-2 together to encapsulate the solar cells 101 and
the high electric susceptibility layer 220. In FIG. 7, the encapsulants 223-1 and 223-2
are labeled as 223’ to indicate that that they have been melted together. The high electric
susceptibility layer 220 may be polarized to induce a sheet charge (e.g., positive or
negative sheet charge) at the interface of the high electric susceptibility layer 220 and the
solar cells 101 during the lamination process, for example. FIG. 8 shows the protective
package of FIG. 7 mounted on the frame 102.

[0032]  FIGS. 9-11 are cross-sectional views schematically illustrating fabrication of
a solar cell module 100B in accordance with another embodiment of the present
disclosure. The solar cell module 100B is a particular embodiment of the solar cell
module 100 of FIG. 1.

[0033] FIG. 9 is an exploded view showing the components of the solar cell module
100B in accordance with an embodiment of the present disclosure. The solar cell
module 100B may comprise the transparent top cover 221, the encapsulant 210, the
serially connected solar cells 101, the encapsulant 223-2, and the backsheet 224. The
solar cell module 100B differs from the solar cell module 100A in that a separate high
electric susceptibility layer 220 is not employed. Instead, the encapsulant 210 replaces
the encapsulant 223-1 to provide a high electric susceptibility layer as previously
described with reference to FIG. 5 (see FIG. 5, high electric susceptibility layer 212 of
encapsulant 210).

[0034] In FIG. 10, the transparent top cover 221, the encapsulant 210, the
encapsulant 223-2, and the backsheet 224 are formed together to create a protective

package that encases the solar cells 101. The aforementioned components may be
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formed together in the stacking order of FIG. 9 by pressing and heating them together in
a vacuum lamination process, for example. The lamination process melts the
encapsulant 210 and the encapsulant 223-2 together to encapsulate the solar cells 101. In
FIG. 10, the encapsulants 210 and 223-2 are labeled together as 210/223 to indicate that
they have been melted together. FIG. 11 shows the protective package of FIG. 10
mounted on the frame 102.

[0035] Solar cell modules with high electric susceptibility layers have been
disclosed. While specific embodiments have been provided, it is to be understood that
these embodiments are for illustration purposes and not limiting. Many additional
embodiments will be apparent to persons of ordinary skill in the art reading this

disclosure.
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CLAIMS
What is claimed is:
1. A solar cell module comprising:

a plurality of solar cells, the plurality of solar cells having front sides facing the
sun during normal operation and backsides opposite the front sides;

a high electric susceptibility layer on the plurality of solar cells, the high electric
susceptibility layer having an electric susceptibility of at least 100;

an encapsulant encapsulating the plurality of solar cells; and

a transparent top cover on the high electric susceptibility layer.
2. The solar cell module of claim 1 wherein the encapsulant is a multilayer
encapsulant and the high electric susceptibility layer is a layer of the encapsulant.
3. The solar cell module of claim 2 wherein the high electric susceptibility layer is
the layer of the encapsulant that interfaces with the plurality of solar cells.
4. The solar cell module of claim 1 wherein the high electric susceptibility layer
induces a positive sheet charge at an interface of the plurality of solar cells and the high
electric susceptibility layer.
5. The solar cell module of claim 1 wherein the high electric susceptibility layer
induces a negative sheet charge at an interface of the plurality of solar cells and the high
electric susceptibility layer.
6. The solar cell module of claim 1 wherein the high electric susceptibility layer is
separate from the encapsulant.
7. The solar cell module of claim 1 wherein the high electric susceptibility layer is
polarized by placing the high electric susceptibility material adjacent to a conductive
material.
8. A solar cell module comprising:

a plurality of solar cells, the plurality of solar cells having front sides facing the
sun during normal operation and backsides opposite the front sides;

a protective package that encases the plurality of solar cells; and

a first high electric susceptibility layer on the front sides of the plurality of solar
cells, the first high electric susceptibility layer having an electric susceptibility of at least
100.
9. The solar cell module of claim 8 wherein the protective package comprises a

multilayer encapsulant.
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10.  The solar cell of claim 9 wherein the encapsulant comprises the first high electric
susceptibility layer, a second high electric susceptibility layer, and a high electrical
resistivity layer between the first and second high electric susceptibility layers.
11.  The solar cell module of claim 8 wherein the first high electric susceptibility
layer is polarized by placing the first high electric susceptibility layer adjacent a
conductive material.
12.  The solar cell module of claim 8 wherein the protective package comprises an
encapsulant that encapsulates the first high electric susceptibility layer and the plurality
of solar cells.
13.  The solar cell module of claim 8 wherein the high electric susceptibility layer
induces a positive sheet charge at an interface of the plurality of solar cells and the high
electric susceptibility layer.
14.  The solar cell module of claim 8 wherein the high electric susceptibility layer
induces a negative sheet charge at an interface of the plurality of solar cells and the high
electric susceptibility layer.
15. A solar cell module comprising:

a solar cell;

a protective package that encases the solar cell; and

a first high electric susceptibility layer on the solar cell, the first high electric
susceptibility layer having an electric susceptibility of at least 100 and polarized such
that a sheet charge is on a surface of the first high electric susceptibility layer that faces
toward the solar cell.
16.  The solar cell module of claim 15 wherein the first high electric susceptibility
layer is polarized such that the sheet charge on the surface of the first high electric
susceptibility layer is positive.
17.  The solar cell module of claim 15 wherein the first high electric susceptibility
layer is polarized such that the sheet charge on the surface of the first high electric
susceptibility layer is negative.
18.  The solar cell module of claim 15 wherein the protective package comprises a
multilayer encapsulant.
19.  The solar cell module of claim 18 wherein the multilayer encapsulant comprises

the first high electric susceptibility layer, a second high electric susceptibility layer, and a

-10 -



WO 2015/023492 PCT/US2014/049964

high electrical resistivity layer between the first high electric susceptibility layer and the
second high electric susceptibility layer.
20.  The solar cell module of claim 15 wherein the solar cell comprises an all back

contact solar cell.
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