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1
MICRO-SCALE CONCENTRATED
PHOTOVOLTAIC MODULE

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a Divisional of, and claims priority to
and the benefit of, U.S. Ser. No. 15/543,625 filed Jul. 14,
2017, which is a U.S. National Phase filing under 35 U.S.C.
§ 371 of PCT/US2016/013670 filed Jan. 15, 2016, which
claims priority to U.S. Provisional Patent Application Ser.
No. 62/104,455 filed on Jan. 16, 2015, all of which are
incorporated herein by reference.

FIELD

The present disclosure relates to energy production, and
more particularly, to photovoltaic modules.

BACKGROUND

Conventional solar concentrators are large and cannot be
easily installed in residential locations. Existing concen-
trated photovoltaic (“PV”) modules tend to have narrow
concentrator acceptance angles, bulky modules, and do not
effectively collect both direct normal incident (“DNI”) light
and diffuse light. Existing concentrated PV designs limit
their deployment to locations with a high percentage of DNI
radiation due to poor cost effectiveness and poor efficiency
at other locations.

SUMMARY

A photovoltaic module may comprise a silicon cell, a
multi junction cell coupled to the silicon cell, and a lens
embedded in a substrate, wherein the lens is configured to
direct light to the multi junction cell, and wherein the
substrate is configured to direct diffuse light to the silicon
cell.

In various embodiments, the photovoltaic module may
comprise a light pipe coupled to the lens. The light pipe may
be coupled to the multi junction cell via a gel. The light pipe,
the lens, and the substrate may be a single integral compo-
nent. The lens may be circular. The lens may be cylindrical.
A shape of the lens may be a freeform optical surface.

A photovoltaic module may comprise an array substrate,
a plurality of lenses embedded within the array substrate, a
plurality of light pipes, wherein each light pipe in the
plurality of light pipes is coupled to a corresponding lens in
the plurality of lenses, a silicon cell configured to receive
diffuse light passing through the array substrate, and a
plurality of multi junction cells coupled to the silicon cell,
wherein each of the plurality of multi-junction cells is
configured to receive concentrated light from a correspond-
ing light pipe in the plurality of light pipes.

In various embodiments, the plurality of lenses may
comprise circular lenses arranged in a square array. The
array substrate, the plurality of lenses, and the plurality of
light pipes may be a single integral glass component. The
plurality of multi junction cells may comprise a plurality of
rows of multi junction cells, wherein the multi junction cells
in each row of multi junction cells are connected in series.
The plurality of lenses may be coplanar. Each of the plurality
of multi junction cells may be coupled to the corresponding
light pipe in the plurality of light pipes via a gel. The
plurality of multi junction cells may comprise GalnP,/GaAs/
Ge based triple-junction cells.
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An integral glass solar concentrator may comprise an
array substrate, a dome extending above the array substrate,
a cone extending below the array substrate, and a light pipe
extending from an apex of the cone.

In various embodiments, the dome may be configured to
concentrate direct normal incident light through the cone
and into the light pipe. The light pipe may comprise a
diameter smaller than a diameter of the dome. The integral
glass solar concentrator may comprise a plurality of domes
extending above the array substrate. A diameter of the light
pipe may be less than 1.0 mm. The array substrate may be
configured to transmit diffuse solar radiation.

A micro-optic illuminator may comprise an array sub-
strate, a lens embedded within the array substrate, a light
pipe coupled to the lens, and an optical device coupled to a
substrate, wherein the optical device is configured to at least
one of: emit light through the light pipe and through the lens;
or absorb light collected by the lens.

BRIEF DESCRIPTION OF THE DRAWINGS

The subject matter of the present disclosure is particularly
pointed out and distinctly claimed in the concluding portion
of the specification. A more complete understanding of the
present disclosure, however, may best be obtained by refer-
ring to the detailed description and claims when considered
in connection with the drawing figures, wherein like numer-
als denote like elements.

FIG. 1A illustrates a perspective view of a partially
assembled PV module, in accordance with various embodi-
ments;

FIG. 1B illustrates a perspective view of a fully assembled
PV module, in accordance with various embodiments;

FIG. 2 illustrates a cross-section view of a silicon cell and
one multi junction cell, in accordance with various embodi-
ments;

FIGS. 3A and 3B illustrate a perspective view of the
silicon cell with multi junction cells, and an enlarged per-
spective view of a portion of the silicon cell with multi
junction cells, in accordance with various embodiments;

FIG. 4 illustrates a cross-section view of the PV module,
in accordance with various embodiments;

FIGS. 5A through 5E illustrate a process for manufactur-
ing a solar concentrator array, in accordance with various
embodiments;

FIG. 6 illustrates a PV module without light pipes, in
accordance with various embodiments;

FIG. 7 illustrates a top view of a PV cell array, in
accordance with various embodiments;

FIG. 8 illustrates a top view of a PV cell array with
multiple rows, in accordance with various embodiments;

FIG. 9 illustrates a cylindrical concentrator, in accordance
with various embodiments;

FIG. 10 illustrates a cross-section view of a PV module
comprising a plurality of cylindrical lenses, in accordance
with various embodiments; and

FIG. 11 illustrates a cross-section view of a micro-optic
illuminator, in accordance with various embodiments.

DETAILED DESCRIPTION

The detailed description of various embodiments herein
makes reference to the accompanying drawings, which show
various embodiments by way of illustration. While these
various embodiments are described in sufficient detail to
enable those skilled in the art to practice the inventions, it
should be understood that other embodiments may be real-
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ized and that logical changes and adaptations in design and
construction may be made in accordance with this invention
and the teachings herein. Thus, the detailed description
herein is presented for purposes of illustration only and not
of limitation. The scope of the invention is defined by the
appended claims. For example, the steps recited in any of the
method or process descriptions may be executed in any
order and are not necessarily limited to the order presented.
Furthermore, any reference to singular includes plural
embodiments, and any reference to more than one compo-
nent or step may include a singular embodiment or step.
Also, any reference to attached, fixed, connected or the like
may include permanent, removable, temporary, partial, full
and/or any other possible attachment option. Additionally,
any reference to without contact (or similar phrases) may
also include reduced contact or minimal contact.

An electro-optical module system that may be used as part
of an illuminator module or a photovoltaic (“PV”’) module is
disclosed. A PV module may comprise an array of micro-
optics and an array of PV cells. An illuminator module may
comprise the array of micro-optics and an array of optical
devices which may receive light. The module may be a flat
panel with a nominal thickness smaller than the length and
width of the flat panel. An array of lenses may be embedded
in an array substrate. The lenses may be coupled to light
pipes. The lenses may concentrate light through the light
pipes to multi junction cells. Diffuse light may be transferred
through the array substrate to a silicon cell. The lenses and
light pipes may be manufactured using a molding and
drawing process.

Referring to FIGS. 1A and 1B, a perspective view of a PV
module 100 is illustrated according to various embodiments.
FIG. 1A illustrates the PV module 100 partially assembled,
and FIG. 1B illustrates the PV module 100 fully assembled.
The PV module 100 may comprise an array of lenses 120.
The lenses 120 may be supported by an array substrate 112.
The array substrate 112 may be planar, such that the lenses
120 are coplanar within the array substrate 112. The lenses
120 may be circular. Each lens 120 may be coupled to a light
pipe 130 (also referred to as an optical waveguide). As
illustrated, the array may comprise a square 5x5 array of
lenses 120. However, many other sizes of square arrays,
rectangular arrays, circular arrays, or irregular arrays may be
used. Each light pipe 130 may be cylindrical and coaxial
with the corresponding lens 120. The light pipe 130 may
extend from the lens 120 to a multi junction cell 140. Various
types of multi junction cells 140 may be suitable for the PV
module. In various embodiments, the multi junction cells
140 may comprise GalnP,/GaAs/Ge based triple-junction
cells. A plurality of multi-junction cells 140 may be coupled
to and positioned on top of a silicon cell 150. The PV module
100 may comprise one multi junction cell 140 for each light
pipe 130. The silicon cell 150 may be coupled to a substrate
160. In various embodiments, the substrate 160 may be a
heat sink.

The lenses 120 may collect direct normal incident
(“DNTI”) light and concentrate the light into the light pipes
130. In various embodiments, the lenses may have a con-
centration ratio of 10x-500x. The light pipes 130 may
redirect and homogenize the light. The light pipes 130 may
direct the light to the multi junction cells 140. The light pipes
130 may have a diameter significantly smaller than the
diameter of the lenses 120. In various embodiments, the
light pipes 130 may have a diameter of approximately 1 mm
or less, and the lenses 120 may have a diameter of approxi-
mately 10 mm. The light pipes may be a multimode wave-
guide, and the diameter of the light pipes 130 may be greater
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than lambda/n, where lambda is the wavelength of the
principle component of light, and n is the refractive index of
the material of the light pipes 130 at that wavelength. In
various embodiments, the aspect ratio of the light pipes 130
may be greater than 1:1, wherein the aspect ratio is defined
as the diameter to the height. In various embodiments, the
aspect ratio may be between 1:1 to 1:10 (i.e. the height of the
light pipes 130 may be between one to ten times the diameter
of the light pipes 130).

The multi junction cells 140 may be square and have
dimensions of 1 mmx1 mm. Thus, the light collected by the
lenses 120 may be concentrated onto the multi junction cells
140 which occupy a small fraction of the surface area of the
silicon cell 150. Diffuse light which passes through the array
substrate 112 or the lenses 120 may be collected by the
silicon cell 150. By utilizing multi junction cells 140 which
are small relative to the size of the silicon cell 150, a variety
of benefits may be achieved. For example, the spacing
between adjacent multi junction cells 140 may be at least
five times the width of the multi-junction cells 140. Thus, the
heat exchanged between adjacent multi junction cells 140
may be minimal, which allows for more efficient cooling and
greater efficiency of the multi-junction cells 140. Addition-
ally, the small size of the multi junction cells 140 may allow
for greater design flexibility for placement of wires and
other components on the silicon cell 150. Decreasing the
size of the multi junction cells 140 also increases the
effective collection area of the silicon cell 150.

In various embodiments, a thin layer of silicone gels may
be applied on the top surface of each multi junction cell 140.
The silicone gels may bring the multi junction cells 140 into
contact with the light pipes 130. UV radiation may be used
to cure the silicone gels.

The array substrate 112 may be slid into channels 172 on
the interior of module walls 170. Four module walls 170
may be coupled to the substrate 160. The module walls 170
may be coupled to the array substrate 112 and the substrate
160 via adhesive or mechanical fasteners. The interior of the
PV module 100 may be hermetically sealed between the
substrate 160, the array substrate 112, and the module walls
170. Air in the interior of the PV module 100 may be
replaced with a gas, such as Argon or Krypton. In various
embodiments, silica desiccant may be placed in the interior
of the PV module to absorb small amounts of moisture. The
substrate 160 may be coupled to a printed circuit board
(“PCB”) 180. The PCB 180 may comprise through-hole
electrical connections to connect to the various contacts on
the silicon cell 150. The PCB 180 may be coupled to a plate
190. The plate 190 may comprise another PCB or aluminum
plate with external electrical input/output connections. The
PV module 100 may be mounted on a tracking system to
maintain a desired orientation relative to incident sunlight.
In various embodiments, the tracking system may be a
single-axis or dual-axis tracking system.

Electrodes and connecting wires can be fabricated on the
silicon cell 150 that act as a circuit board substrate where the
multi junction cells 140 can be placed. The size of the
electrodes and wires can be designed to occupy small areas
s0 as not to obscure solar light incident on the silicon cell
150. Dicing, bonding and packaging of micro-cells can be
performed by existing dicing and pick-and-place equipment.
The silicon cell 150 is utilized to collect diffuse solar
radiation which is not collected by the lenses 120. Some
DNI solar radiation may also be collected by the silicon cell
150, depending on reflection and cell configurations. The
lenses 120 can have anti-reflection coating to maximize
transmission of diffuse solar light. The entire PV module 100






