wo 2014/0892:31 A1 [N I NPFV 00O 0 OO0

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property
Organization
International Bureau

—~
é

\\

(43) International Publication Date
12 June 2014 (12.06.2014)

(10) International Publication Number

WO 2014/089231 A1l

WIPOIPCT

(51) International Patent Classification:
HO1L 31/052 (2014.01) HOI1L 31/055 (2014.01)

(21) International Application Number:

PCT/US2013/073161

(22) International Filing Date:

4 December 2013 (04.12.2013)
English
English

(25)
(26)
(30)

Filing Language:
Publication Language:

Priority Data:
13/708,805 7 December 2012 (07.12.2012) Us

Applicant: QUALCOMM MEMS TECHNOLOGIES,
INC. [US/US]; 5775 Morehouse Drive, San Diego, Cali-
fornia 92121-1714 (US).

Inventors: RUBENSTEIN, Anne Chandler; 5775 More-
house Drive, San Diego, California 92121-1714 (US).
YANG, Fan; 5775 Morehouse Drive, San Diego, Califor-
nia 92121-1714 (US). SETHI, Gaurav; 5775 Morehouse
Drive, San Diego, California 92121-1714 (US).
GRUHLKE, Russell Wayne; 5775 Morehouse Drive, San
Diego, California 92121-1714 (US). HOLMAN, Robert;
5775 Morehouse Drive, San Diego, California 92121-1714
(US). ZHOU, Ying; 5775 Morehouse Drive, San Diego,
California 92121-1714 (US).

Agent: ABUMERI, Mark M.; Knobbe Martens Olson &
Bear LLP, 2040 Main Street, Fourteenth Floor, Irvine,
California 92614 (US).

1

(72

74

(81) Designated States (uniess otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, T™M,
TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM,
ZW.

(84) Designated States (uniess otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CIL, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:

as to applicant'’s entitlement to apply for and be granted a
patent (Rule 4.17(i1))

as to the applicant's entitlement to claim the priority of the
earlier application (Rule 4.17(iii))

Published:
with international search report (Art. 21(3))

(54) Title: TRI-FUNCTIONAL LIGHT AND ENERGY GENERATING PANEL SYSTEM

100
N L1 L'!
1125 _/11(()3@
104 7
101 = T ~ 110a
11da~edhdL ~ 114c %}g
110c~ 1164 1140 =~
117a 17¢ %\
120a
1200 %4 45p~ P
115
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paratus that can generate PV power and simultaneously provide ar -

tificial lighting. The devices disclosed herein include a first optical structure (101) having a plurality of focusing elements (112) that

can collect and focus ambient light onto a first set of light redirec

ting elements (114a, 114b, 114c) that is optically coupled to one or

more photovoltaic (PV) cells (110a, 110c). The devices also include one or more illumination sources (120a, 120c¢) that are optically
coupled to a light guide including a second set of light redirecting elements (117a, 117b, 117c¢) that can direct light from the one or
more illumination sources (120a, 120c¢) out of the device to provide artificial lighting. The devices turther include a second optical
structure (115) disposed below the first optical structure (101) such that the one or more illumination sources (120a, 120¢) and the
one or more PV cells (110a, 110c) are disposed along the edges of the first or the second optical structure.
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TRI-FUNCTIONAL LIGHT AND ENERGY GENERATING PANEL SYSTEM

TECHNICAL FIELD

[0001] This disclosure relates to the field of light collectors and concentrators,
and more particularly to devices that combine photovoltaic power generation and
artificial lighting.

DESCRIPTION OF THE RELATED TECHNOLOGY

[0002] Solar energy is a renewable source of energy that can be converted into
other forms of energy such as heat and electricity. Some drawbacks in using solar energy
as a reliable source of renewable energy are low efficiency in collecting solar energy and
in converting light energy to heat or electricity, and the variation in the solar energy
collection depending on the time of the day and the month of the year.

[0003] A photovoltaic (PV) cell can be used to convert solar energy to
electrical energy, and such systems using PV cells may have conversion efficiencies
between about 10-20%. PV cells can be made very thin and are not big and bulky as
other devices that use solar energy. For example, PV cells can range in width and length
from a few millimeters to 10’s of centimeters. Although, the electrical output from an
individual PV cell may range from a few milliwatts to a few watts, due to their compact
size, multiple PV cells may be connected electrically and packaged to produce, in total, a
significant amount of electricity. For example, multiple solar panels each including a
plurality of PV cells can be used to produce sufficient electricity to satisfy the power
needs of some homes.

[0004] Solar concentrators can be used to collect and focus solar energy to
achieve higher conversion efficiency in PV cells. For example, parabolic mirrors can be
used to collect and focus light on PV cells. Other types of lenses and mirrors can also be
used to collect and focus light on PV cells. These devices can increase the light
collection efficiency. But such systems tend to be bulky and heavy because the lenses
and mirrors that are required to efficiently collect and focus sunlight may be large.
However, for many applications such as, for example, providing electricity to residential
and commercial properties, charging automobile batteries and other navigation
instruments, it is desirable that the light collectors and/or concentrators are compact in

size.
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[0005] PV materials are also increasingly replacing conventional building
materials in parts of the building envelope such as windows, roofs, skylight or fagades.
PV materials incorporated in building envelopes can function as principal or secondary
sources of electrical power and help in achieving zero-energy buildings. One of the
currently available building-integrated photovoltaic (BIPV) products is a crystalline Si
BIPV, which is made of an array of opaque crystalline Si cells sandwiched between two
glass panels. Another available BIPV product is a thin film BIPV which is manufactured
by blanket depositing PV film on a substrate and laser scribing of the deposited PV film
from certain areas to leave some empty spaces and improve transmission. However, both
available BIPV products described above may suffer from low transmission (5-20 %)
disruptive appearance. Additionally, the thin film BIPV may also be expensive to

reasonably manufacture.

SUMMARY

[0006] The systems, methods and devices of the disclosure each have several
innovative aspects, no single one of which is solely responsible for the desirable attributes
disclosed herein.

[0007] One innovative aspect of the subject matter described in this disclosure
can be implemented in a device comprising a first optical structure having a plurality of
lenses, a second optical structure disposed below the first optical structure, at least one
light source disposed along the at least one edge of the first optical structure or the second
optical structure; a plurality of turning features configured to turn light received from the
at least one light source out of the rearward surface of the second optical structure; at least
one photovoltaic cell disposed along the at least one edge of the first optical structure or
the second optical structure; and a plurality of light redirection features. Each of the
plurality of lenses in the device is configured to focus light incident on the lens toward a
focal point disposed below the plurality of lenses. The first optical structure has a
forward surface, a rearward surface, and at least one edge extending between the rearward
surface and the forward surface of the first optical structure. The plurality of lenses can
be spaced apart from one another along a forward surface of the first optical structure.
The second optical structure has a forward surface, a rearward surface, at least one edge
extending between the rearward surface and the forward surface of the second optical
structure. Each of the plurality of light redirection features is disposed at a focal point of

one of the plurality of lenses and is configured to redirect at least a portion of light
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incident on the forward surface of the first optical structure toward the at least one
photovoltaic cell. In various embodiments, each light turning feature can be vertically
aligned with a light redirection feature.

[0008] In various embodiments, the plurality of turning features can include
prismatic features that are aligned in parallel and extend across the forward surface of the
first optical structure. In some embodiments, the prismatic features can include triangular
grooves. In some embodiments, the prismatic features can include trapezoidal
protrusions. In various embodiments, the plurality of lenses can include cylindrical-
shaped collection lenses that are aligned in parallel and extend across the forward surface
of the first optical structure in a direction orthogonal to the alignment of the light turning
features. The plurality of lenses can be configured such that approximately 1% to
approximately 30% of light that is incident on the first optical structure is re-directed to
the at least one photovoltaic cell. In various embodiments, each lens can have a diameter
between approximately 4 mm and approximately 8 mm.

[0009] In various embodiments, the first optical structure can include a first
layer including the plurality of lenses and a second layer disposed between the first layer
and the second optical structure. In various embodiments, a light source or a photovoltaic
cell disposed along the at least one edge of the first optical structure is disposed along an
edge of the second layer. The first layer can be offset from the second layer by a first
separating layer including material having a refractive index lower than a refractive index
of the second layer. In various embodiments, the first separating layer can include air,
nitrogen or argon. In various embodiments, the second optical structure can be offset
from the second layer of the first optical structure by a second separating layer having a
refractive index lower than a refractive index of the second optical structure. The second
separating layer of material can include air, nitrogen or argon.

[0010] In various embodiments, the device can include a battery that is
electrically coupled to the at least one photovoltaic cell. The at least one light source can
also be electrically coupled to the battery. In various embodiments, the at least one
photovoltaic cell can be electrically coupled to an electrical grid. In various
embodiments, the above-described device can be a skylight.

[0011] In various embodiments of the device, the first and the second optical
structures can include at least four edges. In various embodiments, at least four light
sources can be disposed along the at least four edges of the first optical structure and at

least four photovoltaic cells can be disposed along the at least four edges of the second
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optical structure. In other embodiments, the at least four light sources can be disposed
along the at least four edges of the second optical structure while the at least four
photovoltaic cells can be disposed along the at least four edges of the first optical
structure.

[0012] Another innovative aspect of the subject matter described in this
disclosure can be implemented in a device comprising a means for focusing at least a
portion of light incident on the device toward a plurality of focal points disposed below
the light focusing means. The device also includes a means for guiding light that is
disposed below the light focusing means. The device further includes at least one means
for generating electricity from light that is disposed along an edge of the light focusing
means or the light guiding means. The device further includes a means for redirecting
light from the plurality of focal points toward the at least one electricity generating
means, and a means for providing artificial light below the focal points of the light
focusing means. The device is configured such that a portion of light incident on the
device can pass through the light focusing means, the light redirecting means, and the
artificial light providing means without being redirected toward the at least one electricity
generating means.

[0013] In various embodiments, the light focusing means can include a
plurality of lenses, and the at least one electricity generating means can include at least
one photovoltaic cell. In various embodiments, the light redirecting means can include a
plurality of light redirection features disposed in the light guiding means or the light
focusing means. Each light redirection feature can be configured to redirect light incident
thereon toward the at least one electricity generating means. In various embodiments, the
artificial light providing means can include a plurality of light turning features disposed in
the light guiding means or the light focusing means, and at least one light source disposed
along an edge of the light guiding means or the light focusing means. Each light turning
feature can be configured to turn light received from the at least one light source below
the device in a direction away from the light guiding means.

[0014] Another innovative aspect of the subject matter described in this
disclosure can be implemented in a method of manufacturing a device. The method
includes providing a first optical structure having a plurality of lenses and disposing a
second optical structure disposed below the first optical structure. Each lens of the
plurality of lenses is configured to focus light incident on the lens toward a focal point

disposed below the plurality of lenses. The first optical structure has a forward surface, a
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rearward surface, and at least one edge extending between the rearward surface and the
forward surface of the first optical structure. The second optical structure has a forward
surface, a rearward surface, at least one edge extending between the rearward surface and
the forward surface of the second optical structure.

[0015] The method further comprises disposing at least one light source along
the at least one edge of the first optical structure or the second optical structure, forming a
plurality of turning features configured to turn light received from the at least one light
source out of the rearward surface of the second optical structure, disposing at least one
photovoltaic cell disposed along the at least one edge of the first optical structure or the
second optical structure; and forming a plurality of light redirection features at a focal
point of one of the plurality of lenses, the plurality of light redirection features configured
to redirect at least a portion of light incident on the forward surface of the first optical
structure toward the at least one photovoltaic cell.

[0016] In various embodiments, forming the plurality of turning features can
include vertically aligning each light turning feature with a focal point of a lens. In
various embodiments, forming the plurality of turning features can include forming
prismatic features that are aligned in parallel and extend across the forward surface of the
first optical structure. The plurality of lenses can include half-cylinder shaped collection
lenses that are aligned in parallel and extend across the forward surface of the first optical
structure. In various embodiments, forming the plurality of turning features can include
forming the plurality of turning features between the plurality of lenses. The method
further includes providing a battery, and electrically coupling the at least one photovoltaic
cell to the battery. In various embodiments, the method can include electrically coupling
the at least one light source to the battery. In some embodiments, the method can include
electrically coupling the at least one photovoltaic cell to an electrical grid.

[0017] Details of one or more implementations of the subject matter described
in this specification are set forth in the accompanying drawings and the description
below. Other features, aspects, and advantages will become apparent from the
description, the drawings, and the claims. Note that the relative dimensions of the

following figures may not be drawn to scale.

BRIEF DESCRIPTION OF THE DRAWINGS
[0018] Example implementations disclosed herein are illustrated in the

accompanying schematic drawings, which are for illustrative purposes only.
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[0019] Figure 1A illustrates a perspective view of an implementation of a
device including a first optical structure that is optically coupled to one or more PV cells
and a second optical structure that is optically coupled to one or more sources of light, the
first optical structure having a plurality of focusing elements and light redirecting
elements and the second optical structure having a plurality of light redirecting elements.

[0020] Figure 1B is a top view of the implementation depicted in Figure 1A.

[0021] Figures 1C-1D illustrate a side view of the implementation depicted in
Figure 1A along the axis 1C shown in Figure 1B.

[0022] Figure 2A illustrates a perspective view of an implementation of a
device that includes a light collector that is optically coupled to one or more sources of
light and a light guide that is optically coupled to one or more PV cells, the light collector
having a plurality of optical focusing elements and light redirecting elements and the light
guide including a plurality of light redirecting elements.

[0023] Figure 2B is a top view of the implementation depicted in Figure 2A.

[0024] Figure 2C illustrates a side view of the implementation that is depicted
in Figure 2A.

[0025] Figures 2D also illustrates a side view of the implementation that is
depicted in Figure 2A.

[0026] Figure 3A illustrates a perspective view of an implementation of a
device including a light collector that is optically coupled to one or more sources of light
and a light guide that is optically coupled to one or more PV cells, the light collector
having a plurality of optical focusing elements and light redirecting elements and the light
guide including a plurality of light redirecting elements.

[0027] Figure 3B is a top view of the implementation depicted in Figure 3A.

[0028] Figure 3C and 3D illustrates a side view of the implementation
depicted in Figure 3A.

[0029] Figure 4A illustrates a top view of an implementation of a device that
includes a light collector that is optically coupled to one or more sources of light and a
light guide that is optically coupled to one or more PV cells, the light collector having a
plurality of half-cylinder shaped focusing elements and light redirecting elements having
a longitudinal axis that is orthogonal to the cylindrical axis of the half-cylinder shaped
focusing elements, the light guide including a plurality of light redirecting elements.

[0030] Figure 4B is a side view of the implementation depicted in Figure 4A

along an axis parallel to the x-axis.
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[0031] Figure 4C is a side view of the implementation depicted in Figure 4A
along an axis parallel to the y-axis.

[0032] Figure SA illustrates a top view of an implementation of a device that
includes a light collector that is optically coupled to one or more sources of light and a
light guide that is optically coupled to one or more PV cells, the light collector having a
plurality of half-cylinder shaped focusing elements and light redirecting elements having
a longitudinal axis that is orthogonal to the cylindrical axis of the half-cylinder shaped
focusing elements, the light guide including a plurality of light redirecting elements.

[0033] Figure 5B is a side view of the implementation depicted in Figure SA
along an axis parallel to the x-axis.

[0034] Figure 5C is a side view of the implementation depicted in Figure SA
along an axis parallel to the y-axis.

[0035] Figure 6A is a top view of an implementation of a device including a
light collector having a plurality of focusing elements and a light guide that is optically
coupled to one or more sources of light and one or more PV cells having light receiving
surfaces disposed along a direction that is orthogonal to direction along which the light
emitting surfaces of the one or more sources of light are disposed, the light guide
including a first set of light redirecting elements and a second set of light redirecting
elements.

[0036] Figure 6B is a side view of the implementation depicted in Figure 6A
along an axis parallel to the x-axis.

[0037] Figure 6C is a side view of the implementation depicted in Figure 6A
along an axis parallel to the y-axis.

[0038] Figure 7A illustrates a perspective view of an implementation of a
device including a light collector having two sets of focusing elements and a light guide
that is optically coupled to one or more sources of light and one or more PV cells
disposed along a direction that is orthogonal to the one or more sources of light, the light
guide including a plurality of light redirecting elements.

[0039] Figure 7B is a top view of the implementation depicted in Figure 7A.

[0040] Figures 7C and 7D illustrate side views of the implementation depicted
in Figure 7A.

[0041] Figure 8A illustrates a perspective view of an implementation of a

device including a light collector having a plurality focusing elements and a light guide



WO 2014/089231 PCT/US2013/073161

including a first of set of redirecting elements and a second set of light redirecting
elements, the second set of light redirecting elements having a varying density.
[0042] Figure 8B is a top view of the implementation depicted in Figure 8A.
[0043] Figures 8C and 8D illustrate side views of the implementation depicted
in Figure 8A.
[0044] Figures 9A and 9B are flow charts illustrating two different examples
of a method of manufacturing an implementation of a PV power generating luminaire.
[0045] Like reference numbers and designations in the various drawings

indicate like elements.

DETAILED DESCRIPTION

[0046] The following detailed description is directed to certain
implementations for the purposes of describing the innovative aspects. However, the
teachings herein can be applied in a multitude of different ways. As will be apparent
from the following description, the innovative aspects may be implemented in any device
that is configured to receive radiation from a source and generate power using the
radiation. More particularly, it is contemplated that the innovative aspects may be
implemented in or associated with a variety of applications such as providing power to
residential and commercial structures and propertics, providing power to electronic
devices such as laptops, personal digital assistants (PDA’s), wrist watches, calculators,
cell phones, camcorders, still and video cameras, MP3 players, etc. Some of the
implementations described herein can be used in BIPV products such as windows, roofs,
skylights, doors or facades. Some of the implementations described herein can be used to
charge vehicle or watercraft batteries, power navigational instruments, to pump water and
for solar thermal generation. The implementations described herein can also find use in
acrospace and satellite applications, and other solar power generation applications.

[0047] As discussed more fully below, in various implementations described
herein, a device that combines photovoltaic energy generation and natural and/or artificial
lighting. The device includes a light collector is optically coupled to a PV cell such that
light incident on a portion of the device is provided to the PV cell to generate electrical
power. The light collector can include a plurality of focusing elements that can receive
light incident on an exposed surface of the light collector and direct the received light
towards a light guide as a focused beam of light. The light guide can include a first set of

redirecting elements that can redirect the focused beam of light towards one or more PV
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cells that are disposed along one or more edges of the light guide. In various
implementations described herein, the device also includes one or more sources of
illumination (such as, for example, light emitting diodes (LEDs)) and a second set of light
redirecting elements including prismatic or trapezoidal optical features that are configured
to redirect (e.g., refract, scatter, diffract, or diffuse) light out of the device, providing
artificial light from the LEDs. In various implementations, the size, density (or fill factor)
of the plurality of focusing elements and the first and second set of light redirecting
elements can be selected such that a portion of the light incident on the light collector is
transmitted out of the light collector to simultaneously provide natural and artificial
lighting.

[0048] In some implementations described herein, the LEDs can be coupled to
the edges of the light collector and the second set of light redirecting elements can be
disposed on the light collector such that they are adjacent or rearward of the plurality of
focusing elements. In some implementations, the LEDs can be coupled to the edges of
the light guide and the second set of light redirecting elements can be disposed on the
light guide such that they are adjacent, rearward or forward of the first set of light
redirecting elements.

[0049] Particular implementations of the subject matter described in this
disclosure can be implemented to realize one or more of the following potential
advantages. A device can be used to collect, concentrate, and direct sunlight or ambient
light to PV cells in devices that convert light energy into electricity with increased
efficiency and lower cost. Additionally, the implementations described herein can be
configured to provide artificial lighting by redirecting light out of the device, where the
light is from LEDs included in the device. Furthermore, by selecting the density of the
focusing elements, and the first and second set of redirecting elements, a portion of the
incident sunlight or ambient light can also be transmitted through the device to provide
natural lighting. Accordingly, the various implementations of the PV power generating
device integrated with a luminaire as described herein can be used to provide power and
natural/artificial lighting. The implementations described herein can be integrated in
architectural structures such as, for example, windows, roof, skylights, or facades, to
simultaneously generate PV power and provide artificial/natural lighting to the interior of
the architectural structures. Some implementations of the light collector, described herein
can efficiently collect light at various times during the day or the year. For example, the

implementations of the light collector described herein can efficiently collect light
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incident at noon when sun is overhead and sunlight is incident at angles closer to a
surface normal of the light collector as well as in the mornings and evening when light is
incident at non-normal angles.

[0050]  Figure 1A illustrates a perspective view of an implementation of a
device 100 including a first optical structure 101 that is optically coupled to one or more
PV cells 110a, 110b, 110c and 110d. The device 100 also includes a second optical
structure 115 that is optically coupled to one or more sources of light 120a, 120b, 120c
and 120d. The first optical structure includes a plurality of focusing elements 112 and
light redirecting elements 114 and the second optical structure includes a plurality of light
redirecting elements 117. In the illustrated implementation, the first optical structure 101
is the PV power generating device and the second optical structure 115 is the luminaire.
In various implementations, the thickness of the first optical structure 101 and the second
optical structure 115 can be in the range from approximately 5 mm — 30 mm. In various
implementations, a gap 103 may be included between the first optical structure 101 and
the second optical structure 115. The gap 103 can include a material having a lower
refractive index than the material of the second optical structure 115. For example, in
various implementations, the gap 103 can include air, nitrogen, argon or some other
viscous material. In some implementations, the gap 103 can include a material that
matches the refractive index of the first optical structure 101 to the refractive index of the
second optical structure 115. In other implementations, the gap 103 can be wholly or
partially devoid of material or substance, and can be a vacuum. The height of the gap 103
can vary between approximately 1 mm — 50 mm. In some implementations, the material
of the first optical structure 101 can have a lower refractive index than the material of the
second optical structure 115 such that the gap 103 can be eliminated.

[0051] The first optical structure 101 may have a light collector 106 and a
light guide 107. The light collector 106 includes the plurality of focusing elements 112
and the light guide 107 includes the plurality of light redirecting elements 114. In various
implementations, the overall thickness of the device 100 can vary and be in the range
from about 1 inch — 8 inches.

[0052] The PV cells 110a—110d can convert light into electrical power. In
various implementations, the PV cells 110a—110d can include solar cells. The PV cells
110a-110d can include a single or a multiple layer p-n junction and may be formed of
silicon, amorphous silicon or other semiconductor materials such as Cadmium telluride.

In some implementations, PV cells 110a—110d can include photo-electrochemical cells.
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Polymer or nanotechnology may be used to fabricate the PV cells 110a—110d. In various
implementations, PV cells 110a—110d can include multi-spectrum layers, each multi-
spectrum layer having a thickness between approximately 1 pum and approximately 250
um. The multi-spectrum layers can further include nanocrystals dispersed in polymers.
Several multi-spectrum layers can be stacked to increase efficiency of the PV cells 110a—
110d.

[0053]  Figure 1B is a top view of the implementation 100 depicted in Figure
1A. Figures 1C-1D illustrate the side view of the implementation 100 depicted in Figure
1A along the axis 1C shown in Figure 1B. As seen from the side views depicted in
Figures 1C and 1D, the light collector 106 has a forward surface 108 and a rearward
surface opposite the forward surface 108. The light guide 107 has a rearward surface 109
and a forward surface opposite the rearward surface 109. The forward surface of the light
guide 107 faces the rearward surface of the light collector 106. A person having ordinary
skill in the art will appreciate that the terms “forward” and “rearward” as used in referring
to light collector/light guide surfaces herein do not indicate a particular absolute
orientation, but instead are used to indicate a light collecting surface (“forward surface”)
on which ambient light is incident and a surface where a portion of the incident light
received on the forward surface can propagate out from (“rearward surface”). A plurality
of edges is enclosed between the forward and rearward surfaces of the light collector 106
and the light guide 107. As illustrated in Figures 1A—1D, one or more PV cells 110a—
110d is disposed with respect to the edges of the light collector 106 and/or the light guide
107. In various implementations, the light collector 106 and/or the light guide 107 may
be optically coupled to the PV cells 110a—110d by using optical coupling elements such
as lenses, fibers, collimators, prisms, etc.

[0054] In various implementations, the light collector 106 and/or the light
guide 107 can include a transparent or transmissive material such as glass, plastic,
polycarbonate, polyester or cyclo-olefin. The light collector 106 and/or the light guide
107 may be formed as a plate, sheet or film, and fabricated from a rigid or a semi-rigid
material. In various implementations, portions of the light collector 106 and/or the light
guide 107 may be formed from a flexible material. In some implementations, the forward
surface 108 and the rearward surface of the light collector 106 can be parallel or nearly
so. In other implementations, the light collector 106 can be wedge shaped such that the

forward surface 108 and the rearward surface are inclined with respect to each other. In
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some implementations, the forward surface and the rearward surface 109 of the light
guide 107 can be parallel or nearly so. In other implementations, the light guide 107 can
be wedge shaped such that the forward surface and the rearward surface 109 are inclined
with respect to each other.

[0055] In various implementations, the light collector 106 may be separated
from the light guide 107 by a gap 104. The gap 104 can include a material having a lower
refractive index than the material of the light guide 107. For example, in various
implementations, the gap 104 can include air, nitrogen, argon or some other viscous
material. In some implementations, the gap 104 can include a material that matches the
refractive index of the light collector 106 to the refractive index of the light guide 107. In
other implementations, the gap 104 can be wholly or partially devoid of material or
substance, and can be a vacuum. The height of the gap 104 can vary between
approximately 1 mm-50 mm. In some implementations, the material of light collector
106 can have a lower refractive index than the material of the light guide 107 such that
the gap 104 can be eliminated.

[0056] In various implementations, the second optical structure 115 can
include a transparent or transmissive material such as glass, plastic, polycarbonate,
polyester or cyclo-olefin. The second optical structure 115 may be formed as a plate,
sheet or film, and fabricated from a rigid or a semi-rigid material. In various
implementations, portions of the second optical structure 115 may be formed from a
flexible material. In various implementations, the second optical structure 115 can be
configured as a light guide. The second optical structure 115 has a forward surface 116a
and a rearward surface 116b. The forward surface 116a faces the first optical structure
101 and the rearward surface 116b is opposite the forward surface 116a. In some
implementations, the forward surface 116a and the rearward surface 116b of the second
optical structure 115 can be parallel or nearly so. In other implementations, the second
optical structure 115 can be wedge shaped such that the forward surface 116a and the
rearward surface 116b are inclined with respect to each other. A plurality of edges is
included between the forward and rearward surfaces of the second optical structure 115
and the one or more sources of light 120a—120d are disposed with respect to the plurality
of edges.

[0057] In various implementations, the one or more sources of light 120a—
120d can be disposed to directly inject light into one or more edges of the second optical

structure 115. In some implementations, the one or more sources of light 120a—120d may
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be optically coupled to one or more edges of the second optical structure 115 via optical
clements such as, for example, lenses, prisms, collimators, optical fibers, etc. The optical
elements can be configured to guide or inject light emitted by the one or more sources of
light 120a—120d into one or more edges of the second optical structure 115. The one or
more sources of light 120a—120d can include LEDs, edge emitters, cold cathode tube,
fluorescent illuminators, etc.

[0058] In the illustrated implementation, the plurality of focusing elements
112 are disposed on, or over, the forward surface 108 of the light collector 106.
However, in other implementations, the plurality of focusing elements 112 can be
disposed on the rearward surface of the light collector 106. In some implementations, the
plurality of focusing elements 112 can be formed on the forward or rearward surface of
the light collector 106. In some implementations, a film, a layer or a plate provided with
the plurality of focusing elements 112 can be adhered, attached or laminated to the
forward or rearward surface of the light collector 106. In various other implementations,
the plurality of focusing elements 112 can be disposed throughout the volume of the light
collector 106. The plurality of focusing elements 112 can be formed by a variety of
methods and processes, including lithography, etching, and embossing.

[0059] In various implementations, the plurality of focusing elements 112 can
include a plurality of lenses, a lenslet array, an array of microlenses, or a combination
thereof. The plurality of focusing elements 112 can have hemispherical, hemi-cylindrical,
parabolic or elliptical surfaces. The curved surface of the plurality of focusing elements
112 can have a transversal size D (for example, diameter) that is between approximately 4
mm and approximately 20 mm. Each of the plurality of focusing elements 112 is
characterized by a focal length F that can depend on the transversal size D and the
curvature of the curved surface of the focusing element. In various implementations, the
focal length F can be between approximately 3 mm and approximately 80 mm. In some
implementations, each of the plurality of focusing elements 112 can have the same
transversal size D and/or focal length F. In other implementations, the transversal size D
and/or the focal length F for some of the plurality of focusing elements 112 can be
different from the transversal size D and/or the focal length F from the rest of the plurality
of focusing elements 112. In various implementations, the distance between the plurality
of focusing elements 112 and the rearward surface of the light collector 106 can be less
than the focal length F such that ambient light focused by the plurality of focusing
elements 112 is directed out of the light collector 106.
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[0060] In the implementation illustrated in Figures 1A—1D, each of the
plurality of focusing elements 112 are spaced apart from each other by a gap. In various
implementations, each of the plurality of focusing elements 112 can be regularly spaced
apart from adjacent focusing elements such that consecutive focusing elements are spaced
apart by a uniform distance. For example, in Figure 1B, the optical axes of focusing
elements 112a and 112b, and 112b and 112c are regularly spaced apart by a uniform
spacing distance L1. In some implementations, the plurality of focusing elements 112
can be irregularly spaced apart from adjacent focusing elements such that consecutive
focusing elements are spaced apart by a non-uniform distance. Implementations
including irregularly spaced apart focusing elements can be advantageous to reduce
Moiré fringes. In various implementations, the spacing distance between adjacent
focusing elements of the plurality of focusing elements 112 can greater than, equal to, or
less than the transversal size D. In various implementations, spacing distance between
adjacent focusing elements of the plurality of focusing elements 112 can be between 0.1
mm and 25 mm. Ambient light that is incident on the gaps between adjacent focusing
clements (or the region of the light collector that is devoid of focusing elements) is
transmitted through the light collector 106 and is not collected by the light collector 106.
The spacing between adjacent focusing elements can be selected during manufacturing to
vary the light collection efficiency and the transmission through the light collector 106 to
a desired level. For example, when the spacing between adjacent focusing elements is
reduced, the light collection efficiency of the light collector 106 is increased while the
transmission through the light collector 106 is decreased. Conversely, when the spacing
between adjacent focusing elements is increased, the light collection efficiency of the
light collector 106 is decreased while the transmission through the light collector 106 is
increased.

[0061] In the implementation illustrated in Figures 1A—1D, the plurality of
light redirecting elements 114 are disposed on the rearward surface 109 of the light guide
107. However, in various implementations, the plurality of light redirecting elements 114
can be disposed on the forward surface of the light guide 107. In some implementations,
the light guide 107 can include a substrate and a film or a plate provided with the plurality
of light redirecting elements 114 can be adhered or attached to the substrate. In various
implementations, the plurality of light redirecting elements 114 can be manufactured

using methods such as etching, embossing, imprinting, lithography, etc. In some

-14-



WO 2014/089231 PCT/US2013/073161

implementations, the plurality of light redirecting elements 114 can include white paint
that is applied to the forward or rearward surfaces of the light guide 107.

[0062] The plurality of light redirecting elements 114 can include grooves that
extend into the light guide 107. The grooves can have a depth dimension d that extends
into the rearward surface 109 of the light guide 107. In various implementations, the
depth dimension d of each groove can have a value between approximately 0.001 mm to
approximately 3 mm. In various implementations, the plurality of light redirecting
clements 114 can include linear grooves, elongated grooves, v-grooves, scattering
features, optical refractive, reflective or diffractive features. In various implementations,
the plurality of redirecting elements 114 can include v-grooves having non-linear extent.
For example, the axis of the v-grooves may be curved (e.g., circular or elliptical). V-
grooves having non-linear extent may be advantageous to collect diffused ambient light,
for example, under cloudy conditions. V-grooves arranged along curved paths may be
also advantageous in focusing the ambient light. In various implementations, the side
walls of V-grooves can be a generic quadratic curve, or a portion of a quadratic curve.
For example, the side walls can be elliptical, parabolic, hyperbolic or other higher order
aspheric curves. V-grooves with curved sidewalls can have optical power to focus and/or
concentrate the ambient light. In various implementations, the grooves can have a non-
linear turning surface having a surface normal that is tilted with respect to a normal to the
light guide 107 to efficiently collect off-axis light. In various implementations, some of
the plurality of light redirecting elements 114 can be linear v-grooves including planar
facets that are arranged at an angle 6 with respect to each other. The angle between the
planar facets can be between approximately 20 degrees and approximately 150 degrees.
In various implementations, some of the plurality of light redirecting elements 114 can
include two or more turning features. The turning features can include prismatic features,
diffractive features, refractive features, reflective features, scattering features, holographic
features, etc.

[0063] In various implementations, each of the plurality of light redirecting
elements 114 can correspond to one of the plurality of focusing elements 112. In various
implementations, each of the plurality of light redirecting elements 114 can be registered
with a corresponding focusing element such that the light redirecting element is aligned
with a focal point of the corresponding focusing element. In various implementations,

each of the plurality of focusing elements 112 may not have a corresponding light
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redirecting element. In implementations including linear v-grooves, each linear v-groove
can be aligned with respect to a corresponding focusing element such that an apex of each
linear v-groove coincides or is vertically aligned with the optical axis of the
corresponding focusing element. In other implementations, the apex of each linecar v-
groove can be offset from the optical axis of the corresponding focusing element. The
offset distance can depend on the latitude of the geographical location where the device is
located. In various implementations, the offset distance can be between approximately
0.01 mm and 0.5 mm. In some implementations, two or more light redirecting elements
can be vertically aligned with the optical axis of one focusing element such that light
focused by the focusing element is incident on the two or more light redirecting elements
and subsequently redirected towards the PV cells 110a-110d by the two or more light
redirecting elements.

[0064] In various implementations, the plurality of light redirecting elements
114 can be spaced apart from each other such that a region that is devoid of light
redirecting elements is included between the plurality of light redirecting elements 114.
In various implementations, the spacing between adjacent light redirecting elements can
be aligned with the spacing between adjacent focusing elements such that light that is
transmitted through the light collector 106 is also transmitted through the light guide 107
to the region rearward of the first optical structure 101. For example, as shown in Figure
1C, the location of the gaps between light redirecting elements 114a and 114b, and 114b
and 114c coincide with the location of the gaps between focusing elements 112a and
112b, and 112b and 112¢. In various implementations, the gap distance gl between
adjacent redirecting clements 114a and 114b can be equal to the gap distance L1 between
adjacent focusing elements 112a and 112b. In various implementations, each of the
plurality of light redirecting elements 114 can be regularly spaced apart from adjacent
light redirecting elements such that consecutive light redirecting elements are spaced
apart by a uniform distance.

[0065] In some implementations, each of the plurality of light redirecting
elements 114 can be irregularly spaced apart from adjacent light redirecting elements
such that consecutive light redirecting elements are spaced apart by a non-uniform
distance. For example, in some implementations, the spacing between adjacent light
redirecting elements may be increased closer to the edges of the light guide 107 and the
spacing between adjacent light redirecting eclements may be decreased in the central

portion of the light guide 107. In various implementations, the spacing between
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consecutive light redirecting elements can be between 0.1 mm and 25 mm. In various
implementations, adjacent light redirecting elements can be disposed to abut each other
such that there is no gap between adjacent light redirecting elements. The spacing
between each of the plurality of light redirecting elements 114 can be selected to vary the
light collection efficiency and the transmissivity of the light guide 107. For example,
when the spacing between adjacent light redirecting elements is reduced, the
transmissivity of the light guide 107 is decreased. Conversely, when the spacing between
adjacent light redirecting elements is increased, the transmissivity of the light guide 107 is
increased. The spacing between light adjacent redirecting elements can also affect the
light guiding efficiency. For example, if the spacing between adjacent light redirecting
elements is decreased, light propagating through the light guide 107 can suffer scattering
losses due to repeated interaction with the plurality of redirecting features, thereby,
decreasing the light guiding efficiency.

[0066] As discussed above, the second optical structure 115 includes a
plurality of light redirecting elements 117. In the implementation illustrated in Figures
1A-1D, the plurality of light redirecting elements 117 are disposed on the forward surface
116a of the second optical structure 115. However, in various implementations, the
plurality of light redirecting elements 117 can be disposed on the rearward surface 116b
of the second optical structure 115. Where appropriate, structures and features of the
plurality of light redirecting elements 114 discussed above may be incorporated into the
plurality of light redirecting elements 117. For example, the plurality of light redirecting
elements 117 can include grooves that extend into the second optical structure 115. In
various implementations, the plurality of light redirecting elements 117 can include linear
grooves, elongated grooves, v-grooves, scattering features, optical refractive, reflective or
diffractive features, v-grooves having non-linear extent, v-grooves arranged along curved
paths, v-grooves with curved sidewalls, linear v-grooves including planar facets,
prismatic features, trapezoidal shaped redirecting elements, white paint that scatter light,
etc.

[0067] In various implementations, the plurality of light redirecting elements
117 can be disposed on or over the forward and rearward surfaces 116a and 116b of the
second optical structure 115. In various implementations, the second optical structure
115 can include a substrate. A film or a plate provided with the plurality of light
redirecting elements 117 can be disposed with respect to the substrate. In various

implementations, the film or the substrate can be adhered to, or attached to, the substrate.
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In various implementations, the plurality of light redirecting elements 117 can be
manufactured using methods such as etching, embossing, imprinting, lithography, etc. In
some implementations, the plurality of light redirecting elements 117 can include white
paint that is applied to the forward or rearward surfaces of the second optical structure
115.

[0068] Similar to the configuration of the plurality of light redirecting
elements 114, the plurality of light redirecting elements 117 can be spaced apart from
each other such that a region that is devoid of light redirecting elements is included
between the plurality of light redirecting elements 117. In various implementations, cach
of the plurality of light redirecting elements 117 can be regularly spaced apart from
adjacent light redirecting elements such that consecutive light redirecting elements are
spaced apart by a uniform distance. In some implementations, each of the plurality of
light redirecting elements 117 can be irregularly spaced apart from adjacent light
redirecting elements such that consecutive light redirecting elements are spaced apart by a
non-uniform distance. In various implementations, the spacing between adjacent light
redirecting elements 117a, 117b and 117c can be aligned with the spacing between
adjacent light redirecting elements 114a, 114b and 114c¢ (or the spacing between adjacent
focusing elements 112a, 112b and 112¢) such that light that is transmitted through the
light collector 106 and light guide 107 is also transmitted through the second optical
structure 115 to regions rearward device 100. In this way, the device 100 can be
configured to provide natural lighting and/or to vary the visibility through the device 100.
In various implementations, the spacing between adjacent light redirecting elements can
be increased closer to the edges of the second optical structure 115 and decreased in the
central portions of the second optical structure 115 to provide uniform illumination across
the entire second optical structure 115. The spacing between adjacent redirecting
elements 117a, 117b, and 117c can be selected to vary the light transmission, light
guiding efficiency and/or the light turning efficiency.

[0069] Ambient light that is incident on the forward surface 108 of the light
collector 106 is focused by each of the plurality of focusing elements 112 and directed out
of the light collector 106 as a focused beam of light. The light guide 107 and the plurality
of light redirecting elements 114 included in the light guide 107 are disposed relative to
the light collector 106 such that focused beam of light from each of the plurality of
focusing elements 112 is incident onto a corresponding light redirecting element from the

plurality of light redirecting elements 114. FEach of the plurality of light redirecting
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elements 114 is configured to divert or turn the focused beam of light incident thereon
towards the one of the PV cells 110a—110d. The focused beam of light that is diverted by
the plurality of light redirecting elements 114 propagate through the light guide 107 by
successive total internal reflections of the forward surface and the rearward surface 109 of
the light guide 107 towards the PV cells 110a—110d. The plurality of focusing elements
112 and the plurality of light redirecting elements 114 can be configured such that a
portion of ambient light that is incident on the forward surface 108 of the light collector
106 is transmitted out of the light guide 107 through the rearward surface 109. In various
implementations, approximately 1% to approximately 30% of the ambient light that is
incident on the forward surface 108 of the light collector 106 is diverted towards the one
or more PV cells 110a—110d. In various implementations, approximately 1% to
approximately 30% of the ambient light that is incident on the forward surface 108 of the
light collector 106 is transmitted through the light collector 106 and the light guide 107.
Referring to Figure 1D, rays 125 and 135 are representative of ambient light that is
focused by the plurality of focusing elements 112 and redirected by the plurality of light
redirecting elements 114 towards the PV cells 110a, and 110c¢ respectively. Still referring
to Figure 1D, rays 130 and 140 are representative of the portion of ambient light that is
incident on the forward surface 108 of the light collector 106 and transmitted out of the
rearward surface 109 of the light guide 107.

[0070] Light from the one or more sources of illumination 120a—120d that is
injected into the edges of the second optical structure 115 propagates through the second
optical structure 115 by successive total internal reflections from the forward surface
116a and the rearward surface 116b of the second optical structure 115. Here the second
optical structure 115 functions as a light guide. The plurality of the light redirecting
elements 117 disrupt the total internal reflection of the propagating light such that light
from the one or more sources of illumination 120a—120d is directed out of the second
optical structure 115 when it strikes one or some of the plurality of light redirecting
elements 117. In this way, the second optical structure 115 is configured to provide
artificial lighting. Referring to Figure 1D, rays 145, 150, 160 and 165 are representative
of light from the sources of illuminations 120a, and 120c that is directed out of the second
optical structure 115.

[0071] In various implementations of the PV power generating luminaire,
elements of the second optical structure 115 can be combined with the light collector 106

or the light guide 107 such that the first optical structure 101 can be used to generate PV

-19-



WO 2014/089231 PCT/US2013/073161

power and simultaneously provide artificial lighting. A possible advantage of combining
the elements of the second optical structure 115 with the first optical structure 101 is
reduction in the thickness and mass of the PV power generating luminaire. The
implementations illustrated in Figures 2A—8D show different ways of combining the
elements of the second optical structure 115 with the first optical structure 101. Where
appropriate, structures and features of the light collector 106, light guide 107, plurality of
redirecting elements 114 and 117, PV cells 110a—110d and one or more source of
illumination 120a-120d discussed above with reference to Figures 1A—1D may be
incorporated into the implementations illustrated in Figures 2A—8D and discussed below
in further detail.

[0072] Figures 2A and 3A illustrate a perspective view of two different
implementations 200 and 300 of a device including a light collector 106 that is optically
coupled to one or more sources of light 120a and 120b and a light guide 107 that is
optically coupled to one or more PV cells 110a—110d, the light collector 106 having a
plurality of optical focusing elements 112 and light redirecting elements 117 and the light
guide 107 including a plurality of light redirecting elements 114. Figure 2B is a top view
of the implementation depicted in Figure 2A and Figure 3B is a top view of the
implementation depicted in Figure 3A. Figures 2C and 2D illustrate the side view of the
implementation depicted in Figure 2A and Figures 3C and 3D illustrate the side view of
the implementation depicted in Figure 3A.

[0073] The focusing elements 112 included in the light collector 106 in the
implementation 200 illustrated in Figures 2A-2D and implementation 300 illustrated in
Figures 3A-3D are half-cylinder shaped lenses. Each of the half-cylinder shaped lenses
has a curved surface that is disposed about a cylindrical axis. The curved surface of each
half-cylinder shaped lens can have a circular, an elliptical or a parabolic cross-section.
Each of the plurality of half-cylinder shaped lenses is designed and oriented to focus
incident sunlight along a single line as the sun’s position relative to earth changes from
east to west during the day. The light redirecting elements 114 provided in the light guide
107 include elongate grooves that are oriented in the same direction as the cylindrical axis
of the half-cylinder shaped lenses and positioned at a distance equal to the focal length of
the plurality of half-cylinder shaped lenses such that the line along which light is focused
by the half-cylinder shaped lenses coincides with the elongate grooves. In such
implementations, sunlight focused by each of the half-cylinder shaped lens is incident on

a corresponding elongate groove throughout the day. Accordingly, the implementations
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illustrated in Figures 2A-3D can be used to efficiently collect light at various times
during the day without actively tracking the diurnal movement of the sun through the sky.
As discussed above, focused light that is incident on the light redirecting elements 114 is
directed towards the PV cells 110a—110d for PV power generation.

[0074] To efficiently collect sunlight throughout the day, the half-cylinder
shaped lenses can be positioned such that the plurality of focusing elements 112 are
arranged in a north-south orientation. In other words, the cylindrical axis of each half-
cylinder shaped lens is oriented generally along the east-west direction such that at noon
on an equinox the rays of the sun are incident on the each of the half-cylinder shaped lens
along the optical axis of the half-cylinder shaped lens. On other days, the rays of the sun
at noon time are incident on the half-cylinder shaped lenses from a direction that is at an
angle (plus or minus) with respect to the optical axis of each of the half-cylinder shaped
lenses. The angle between the incident direction of sunlight at noon time and the optical
axis of each of the half-cylinder shaped lenses can depend on the latitude of the
geographical location where the light collector is disposed and the time of the year.
When implemented in a window device, the cylindrical axis of the half-cylinder shaped
lenses is generally aligned along the same direction as the track of the sun’s diurnal
movement. This can advantageously allow the window device to collect light efficiently
at various times during the day and year.

[0075] In implementations 200 and 300 illustrated in Figures 2A-2D and 3A—
3D respectively, the one or more sources of light 120a—120d are disposed along the edges
included between the forward surface 108 and the rearward surface of the light collector
106. In addition to including focusing elements 112, the light collector 106 also includes
the plurality of light redirecting elements 117 that are configured to redirect light from the
one or more sources of light 120a—120d propagating through the light collector 106 out of
the light collector 106 to provide artificial lighting. Because the light collector 106 is
configured to provide artificial lighting in addition to collecting ambient light for PV
power generation, the second optical structure 115 can be eliminated.

[0076] In the implementation 200 illustrated in Figures 2A-2D, the light
redirecting elements 117 include triangular grooves that protrude into the forward surface
108 of the light collector 106. The light redirecting elements 117 of the implementation
300 illustrated in Figures 2A-2D are trapezoidal shaped projections that protrude out of
the rearward surface of the light collector 106. The trapezoidal shaped projections may

be advantageous in reducing scattering losses due to the shallow slope of the edges.
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Another possible advantage presented by the trapezoidal shaped projections may be ease
of manufacturing. The light collector 106 and the light guide 107 can include regions that
are devoid of any focusing or redirecting element such that ambient light that is incident
on the forward surface 108 of the light collector 106 is transmitted through the light
collector 106 and the light guide 107 in the implementations 200 and 300 illustrated in
Figures 2A-3D.

[0077] Referring to Figure 2D, rays 210 and 215 are representative of incident
ambient that is transmitted through the light collector 106 and the light guide 107; rays
220 and 205 are representative of incident ambient that is diverted by the redirecting
clements 114 towards the PV cells 110a and 110c respectively; and rays 225 and 230 are
representative of light from the sources of illumination 120a and 120b that are directed
out of the light collector 106 and the light guide 107 by the redirecting elements 117.

[0078] Referring to Figure 3D, rays 310, 320, 325 and 340 are representative
of incident ambient that is transmitted through the light collector 106 and the light guide
107; rays 315 and 335 are representative of incident ambient that is diverted by the
redirecting elements 114 towards the PV cells 110a and 110c respectively; and rays 345
and 350 are representative of light from the sources of illumination 120a and 120b that
are directed out of the light collector 106 and the light guide 107 by the redirecting
elements 117.

[0079] Figures 4A and 5A illustrate top view of two different implementations
400 and 500 of a device including a light collector 106 that is optically coupled to one or
more sources of light 120a and 120c and a light guide 107 that is optically coupled to one
or more PV cells 110a and 110c, the light collector 106 having a plurality of half-cylinder
shaped focusing elements 112 and light redirecting elements 117 having a longitudinal
axis that is orthogonal to the cylindrical axis of the half-cylinder shaped focusing
elements 112, the light guide 107 including a plurality of light redirecting elements 114.
Figure 4B is a side view of the implementation depicted in Figure 4A along an axis
parallel to the x-axis and Figure 5B is a side view of the implementation depicted in
Figure 5A along an axis parallel to the x-axis. Figure 4C is a side view of the
implementation depicted in Figure 4A along an axis parallel to the y-axis and Figure 5C
is a side view of the implementation depicted in Figure SA along an axis parallel to the y-
axis.

[0080] In the implementations 400 and 500 illustrated in Figures 4A-5C, the
light collector 106 includes a plurality of focusing elements 112. Each of the plurality of
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focusing elements 112 are half-cylinder shaped lenses that are similar to the lenses
described with reference to Figures 2A—3D. Ambient light focused by each of the half-
cylinder shaped lenses is focused on a plurality of light redirecting elements 114 as
discussed above. The focused light incident on each of the plurality of light redirecting
elements 114 is diverted such that the diverted light propagates in a direction generally
parallel to the x-axis towards the PV cells 110a and 110c. In the illustrated
implementations, the light collector 106 also include sources of illumination 120a and
120c whose light emitting surfaces are disposed along a direction that is parallel to the
cylindrical axis of the half-cylinder shaped lenses 112. In the illustrated implementations,
the sources of illumination 120a and 120c are disposed with respect to the edges of the
light collector 106 such that light from the sources of illumination 120a and 120c is
injected along a direction parallel to the y-axis. The light collector 106 includes a
plurality of light redirecting elements 117. FEach of the plurality of light redirecting
elements 117 has a longitudinal axis that is parallel to the x-axis and orthogonal to the
cylindrical axis of the half-cylinder shaped lenses such that light from the sources of
illumination 120a and 120c that is propagating along a direction parallel to the y-axis is
directed rearward out of the light collector 106 to provide artificial lighting. The
orientation of the plurality of light redirecting elements 117 and the half-cylinder shaped
focusing elements 112 can reduce the likelihood that light emitted by the one or more
illumination sources 120a and 120c strikes a half-cylinder shaped lens and is refracted out
of the device in a non-useful direction. In general the longitudinal axis of the plurality of
light redirecting elements 117 can form a non-zero angle with respect to the cylindrical
axis of the half-cylinder shaped focusing elements 112.

[0081] In the implementation 400 illustrated in Figures 4A-4C, the light
redirecting elements 117 include triangular grooves that protrude into the forward surface
108 of the light collector 106. The light redirecting elements 117 of the implementation
500 illustrated in Figures 5SA—5C are trapezoidal shaped projections that protrude out of
the rearward surface of the light collector 106. The light collector 106 and the light guide
107 can include regions that are devoid of any focusing or redirecting element such that
ambient light that is incident on the forward surface 108 of the light collector 106 is
transmitted through the light collector 106 and the light guide 107 in the implementations
400 and 500 illustrated in Figures 4A—5C.

[0082] Referring to Figures 4B and 4C, ray 420 is representative of incident
ambient that is transmitted through the light collector 106 and the light guide 107; rays
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405 and 410 are representative of incident ambient that is diverted by the redirecting
clements 114 towards the PV cells 110a and 110c respectively; and rays 425 and 430 are
representative of light from the sources of illumination 120a and 120b that are directed
out of the light collector 106 and the light guide 107 by the redirecting elements 117.

[0083] Referring to Figures 5B and 5C, ray 515 is representative of incident
ambient that is transmitted through the light collector 106 and the light guide 107; rays
505 and 510 are representative of incident ambient that is diverted by the redirecting
clements 114 towards the PV cells 110a and 110c respectively; and rays 525 and 530 are
representative of light from the sources of illumination 120a and 120b that are directed
out of the light collector 106 and the light guide 107 by the redirecting elements 117.

[0084] Figure 6A is a top view of an implementation 600 of a device
including a light collector 106 having a plurality of focusing elements 112 and a light
guide 107 that is optically coupled to one or more sources of light 120a and 120c and one
or more PV cells 110a and 110c having light receiving surfaces disposed along a direction
that is orthogonal to direction along which the light emitting surfaces of the one or more
sources of light 120a and 120c are disposed, the light guide 107 including a first set of
light redirecting elements 114 and a second set of light redirecting elements 117. Figure
6B is a side view of the implementation 600 depicted in Figure 6A along an axis parallel
to the x-axis. Figure 6C is a side view of the implementation 600 depicted in Figure 6A
along an axis parallel to the y-axis.

[0085] Similar to the implementations 200 and 300 described with reference
to Figures 2A-3D, the plurality of focusing elements 112 included in the light collector
106 of the implementation 600 illustrated in Figures 6A—6C are half-cylinder shaped
lenses. The light guide 107 includes a first set of light redirecting elements 114 disposed
on the rearward surface of the light guide 107. The first set of light redirecting elements
114 are arranged such that ambient light focused by each of the half-cylinder shaped
lenses is focused on a corresponding redirecting element in the first set. Each light
redirecting element in the first set is configured to divert the ambient light focused
thereon such that the diverted light propagates in a direction generally parallel to the x-
axis towards the PV cells 110a and 110c.

[0086] The light guide 107 includes sources of illumination 120a and 120c
whose light emitting surface are disposed along a direction that is orthogonal to the
direction along which the light receiving surfaces of the PV cells 110a and 110c are

disposed. In various other implementations, a normal to the light receiving surface of the
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PV cells 110a and 110c can form a non-zero angle with respect to a normal to the light
emitting surface of the illumination sources 120a and 120b. In the illustrated
implementation 600, the sources of illumination 120a and 120c¢ are disposed with respect
to the edges of the light guide 107 such that light from the sources of illumination 120a
and 120c is injected along a direction parallel to the y-axis. The light guide 107 includes
a second set of light redirecting elements 117 disposed on the forward surface of the light
guide 107. Each light redirecting element in the second set has a longitudinal axis that is
parallel to the x-axis such that light from the sources of illumination 120a and 120c that is
propagating along a direction parallel to the y-axis is directed rearward out of the light
guide 107 to provide artificial lighting.

[0087] Referring to Figures 6B and 6C, rays 615 and 620 are representative of
incident ambient that is transmitted through the light collector 106 and the light guide
107; rays 605 and 610 are representative of incident ambient that is diverted by the first
set of light redirecting elements 114 towards the PV cells 110a and 110c respectively; and
rays 625 and 630 are representative of light from the sources of illumination 120a and
120b that are directed out of the light guide 107 by the second set of light redirecting
elements 117.

[0088] Figure 7A illustrates a perspective view of an implementation 700 of a
device including a light collector 106 having two sets 111a and 111b of focusing elements
112 and a light guide 107 that is optically coupled to one or more sources of light 120a,
120b, 120c and 120e and one or more PV cells 110a, 110b, 110c and 110d having light
receiving surfaces disposed along a direction that is orthogonal to the light emitting
surfaces of the one or more sources of light 120a, 120b, 120c, 120d and 120e¢, the light
guide 107 including a plurality of light redirecting elements 114 and 117. Figure 7B is a
top view of the implementation depicted in Figure 7A. Figures 7C and 7D illustrate the
side view of the implementation depicted in Figure 7A.

[0089] In the illustrated implementation 700, the light collector 106 has a first
set 111a of focusing elements 112 and a second set 111b of focusing elements 112. Each
focusing element in the first and second sets 111a and 111b is a half-cylinder shaped
lense similar to the lenses described above with reference to Figures 2A-3D. The light
guide 107 includes a first set 113a of light redirecting elements 114, a second set 113b of
light redirecting elements 114 and a plurality of light redirecting elements 117. The first
set 113a of light redirecting elements 114 are arranged below the first set 11la of

focusing elements 112 and the second set 113b of light redirecting elements 114 are

25



WO 2014/089231 PCT/US2013/073161

arranged below the second set 111b of focusing elements 112. As discussed above, the
first set 113a and the second set 113b of light redirecting elements 114 are arranged such
that the longitudinal axis of each of the redirecting elements 114 in the first set 113a and
the second set 113b are parallel to the cylindrical axis of each of the plurality of focusing
clements 112 in the first and second sets 111a and 111b. Ambient light is focused by
each of the plurality of focusing elements 112 in the first and second sets 111a and 111b
onto a corresponding light redirecting element in the first and second sets 113a and 113b.
Each light redirecting element is configured to divert the focused light incident thereon
towards the one or more PV cells 110a—110d disposed along the edges of the light guide
107. The light diverted by the plurality of light redirecting elements 114 in the two sets
113a and 113b propagates by multiple total internal reflections through the light guide
107 along a direction generally parallel to the x-axis.

[0090] One or more sources of illumination 120a—120e are disposed along the
edges that are adjacent the edges along which the PV cells 110a—110d are disposed.
Accordingly, the light emitting surfaces of the one or more sources of illumination 120a—
120e are disposed along a direction that is orthogonal to the direction along which the
light receiving surfaces of the PV cells 110a-110d are disposed. In wvarious
implementations, a normal to the light emitting surface of the one or more sources of
illumination 120a—120e can form a non-zero angle with respect to a normal to the light
receiving surface of the PV cells 110a—110d. In the illustrated implementation, light
emitted by the one or more sources of illumination 120a—120e¢ generally propagates
through the light guide 107 along a direction parallel to the y-axis by total internal
reflection from the forward and rearward surfaces of the light guide 107. The plurality of
light redirecting elements 117 are arranged such that the light from the one or more
sources of illumination 120a—120e¢ propagating through the light guide 107 is directed out
of the light guide 107 upon interaction with one of the plurality of light redirecting
elements 117. In some implementations, the light redirecting elements 114 in the first
and second sets 113a and 113b can be disposed on the rearward surface of the light guide
107 and the plurality of light redirecting elements 117 can be disposed on the forward
surface of the light guide 107. Conversely as depicted in the illustrated implementation,
the light redirecting elements 114 in the first and second sets 113a and 113b and the
plurality of light redirecting elements 117 can be disposed on the rearward surface of the
light guide 107. In such implementations, the light redirecting elements 114 in the first
and second sets 113a and 113b and the plurality of light redirecting elements 117 are
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laterally offset from one another. In this way, half of the bottom plate can provide
artificial and natural light into the interior of a building and the other half can collect
natural light for the one or more PV cells 110a—110d. Thus, a light output aperture of the
luminaire can be less than a natural light input aperture of the device.

[0091] Referring to Figures 7C and 7D, rays 705 and 710 are representative of
incident ambient light that is transmitted through the light collector 106 and the light
guide 107; rays 730 and 735 are representative of incident ambient light that is diverted
by the light redirecting elements 114 towards the PV cells 110a and 110c respectively;
and rays 715 and 720 are representative of light from the sources of illumination 120a and
120e that are directed out of the light guide 107 by light redirecting elements 117.

[0092] Figure 8A illustrates a perspective view of an implementation 800 of a
device including a light collector 106 having a plurality focusing elements 112 and a light
guide 107 including a first of set of redirecting elements 114 and a second set of light
redirecting elements 117, the second set of light redirecting elements 117 having a
varying density. Figure 8B is a top view of the implementation depicted in Figure 8A.
Figures 8C and 8D illustrate the side view of the implementation depicted in Figure 8A.

[0093] In the implementation illustrated in Figure 8A, the plurality of focusing
elements 112 includes half-cylinder shaped lenses similar to the lenses described with
reference to Figures 2A-3D. The plurality of light redirecting elements 114 are arranged
such that ambient light focused by each of the half-cylinder shaped lens is incident on a
corresponding light redirecting element and redirected towards PV cells 110a and 110b
disposed along the edges of light guide 107.

[0094] As illustrated in Figure 8A, one or more illumination sources 120a,
120b, 120c¢, 120d, and 120e¢ are disposed along the edges of the light guide 107 that are
adjacent the edges along which the PV cells 110a and 110b are disposed. Accordingly, in
the illustrated implementation, the light receiving surfaces of the PV cells 110a and 110b
are orthogonal to the light emitting surfaces of the one or more illumination sources
120a—120¢. In various other implementations, a normal to the light receiving surface of
the PV cells 110a and 110b can form a non-zero angle with respect to a normal to the
light emitting surface of the one or more illumination sources 120a-120e. In the
illustrated implementation, light emitted by the one or more illumination sources 120a—
120e propagates along a direction generally parallel to the y-axis. The plurality of
redirecting elements 117 are arranged such that the light from the one or more

illumination sources 120a—120e propagating through the light guide 107 is directed out of

27



WO 2014/089231 PCT/US2013/073161

the light guide 107 upon interaction with one of the plurality of light redirecting elements
117.

[0095] In the implementation illustrated in Figure 8A, the fill factor (or the
density) of the plurality of light redirecting elements 117 is non-uniform across the light
guide 107. In this implementation, the fill factor of the plurality of light redirecting
elements 117 is less at the edges of the light guide 107 along which the one or more
illumination sources 120a—120d are disposed. Conversely, the density, or fill factor, of
the plurality of light redirecting elements 117 is greater in the central portion of the light
guide 107. In various implementations, the intensity of light near the edges of the light
guide 107 along which the one or more illumination sources 120a—120d are disposed can
be greater than in the central portion of the light guide 107. In such implementations,
having fewer light redirecting elements 117 near the edges as compared to the central
portion can be advantageous in achieving uniform illumination. In some
implementations, the plurality of light redirecting elements 114 can be disposed on the
rearward surface of the light guide 107 and the plurality of light redirecting elements 117
can be disposed on the forward surface of the light guide 107. Conversely as depicted in
the illustrated implementation, the plurality of light redirecting elements 114 and the
plurality of light redirecting elements 117 can be disposed on the rearward surface of the
light guide 107. In such implementations, the plurality of light redirecting elements 114
and the plurality of light redirecting elements 117 are laterally offset from each another.

[0096] Referring to Figures 8C and 8D, rays 805 and 810 are representative of
incident ambient light that is transmitted through the light collector 106 and the light
guide 107; rays 825 and 830 are representative of incident ambient light that is diverted
by the light redirecting elements 114 towards the PV cells 110a and 110c respectively;
and rays 815 and 820 are representative of light from the sources of illumination 120a and
120e that are directed out of the light guide 107 by light redirecting elements 117.

[0097] Figures 9A and 9B are flow charts illustrating two different examples
of a method of manufacturing an implementation of a PV power generating luminaire
similar to the implementations 100, 200, 300, 400, 500, 600, 700 and 800 described
above. The methods 900 and 920 include providing a first optical structure having a
plurality of lenses as shown in block 901. The first optical structure can be similar to the
light collector 106 or the first optical structure 101 discussed above. The plurality of
lenses can be similar to the plurality of focusing elements 112 described above. In

various implementations, the plurality of lenses can include half-cylinder shaped lenses
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that are arranged parallel to each other and extend across the forward surface of the first
optical structure. The methods 900 and 920 further include disposing a second optical
structure below the first optical structure as shown in block 903. The second optical
structure can be similar to the light guide 107 or the second optical structure 115
discussed above.

[0098] Referring to Figure 9A, the method 900 then proceeds to block 905
including disposing at least one light source along an edge of the first or the second
optical structure. The at least one light source can be similar to the one or more sources
of illumination 120a—120e. In block 907 of the method 900 a plurality of turning
features are formed. The turning features can be similar to the light redirecting elements
117 described above and are configured to turn light received from the at least one light
source out of the rearward surface of the second optical structure. The turning features
can be formed such that each turning feature is vertically aligned with a focal point of a
lens from the plurality of lenses. In various implementations, forming the plurality of
turning features includes forming triangular/trapezoidal shaped prismatic features that
extend across the forward surface of the first optical structure. In various
implementations, the plurality of turning features can be parallel to each other. In various
implementations, the plurality of turning features can be formed between the plurality of
lenses. In block 909 at least one PV cell is disposed along at least one edge of the first or
the second optical structure. The at least one PV cell can be similar to the one or more
PV cells 110a—110d described above. The method then proceeds to forming a plurality
of light redirection features as shown in block 911. The plurality of light redirection
features can be similar to the light redirecting elements 114 described above. Each light
redirection feature is formed at a focal point of one of the plurality of lenses such that
light focused by each of the plurality of lenses is focused on a light redirection feature.

[0099] Referring to Figure 9B, the method 920 further includes disposing at
least one light source (for example, one or more sources of illumination 120a—120¢)
along a first edge of the second optical structure as shown in block 925. In block 927 of
the method 920 a plurality of turning features (for example, light redirecting elements
117) are formed in the second optical structure. The turning features are configured to
turn light received from the at least one light source out of the rearward surface of the
second optical structure. The turning features can be formed such that each turning
feature is vertically aligned with a focal point of a lens from the plurality of lenses. In

various implementations, forming the plurality of turning features includes forming
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triangular/trapezoidal shaped prismatic features that extend across the forward or
rearward surface of the second optical structure. In various implementations, the plurality
of turning features can be parallel to each other. In various implementations, the a
portion of the forward surface of the first optical structure can be devoid of the plurality
of lenses and the plurality of turning features can be vertically aligned with the portion of
the first optical structure that is devoid of the plurality of lenses. In block 929 at least one
PV cell (for example, one or more PV cells 110a—110d) is disposed along a second edge
of the second optical structure. The second edge of the second optical structure can be
adjacent the first edge of the second optical structure. The method 920 then proceeds to
forming a plurality of light redirection features (for example, light redirecting elements
114) in the second optical structure as shown in block 931. Each light redirection feature
is formed at a focal point of one of the plurality of lenses such that light focused by each
of the plurality of lenses is focused on a light redirection feature.

[0100] In various implementations, the methods 900 and 920 can include
providing a battery and electrically coupling the at least one PV cell to the battery. In
various implementations, the methods 900 and 920 can include electrically coupling the
at least one light source to the battery. In various implementations, the methods 900 and
920 can include electrically coupling the at least one PV cell to an electrical grid.

[0101] In various implementations, thin films having reflecting, diffracting or
scattering features can be disposed forward or rearward of the light collector 106 and/or
the light guide 107. The thin films can be used to increase the light collection efficiency,
provide visual effects, increase or decrease transmission or to provide other optical
function. In various implementations, one or more surfaces of the plurality of light
redirecting elements 114 and 117 can include reflecting films or coatings to increase the
light collection efficiency or the light extraction efficiency. In some implementations,
one or more surfaces of the plurality of light redirecting elements 114 and 117 can
include optical films or coatings to achieve different optical effects.

[0102] In various implementations, a PV power generating window including
the implementations 100, 200, 300, 400, 500, 600, 700 and 800 can be obtained by
assembling the first optical structure 101 and the second optical structure 115 in a frame
including electrical connections. In various implementations, the electrical connection
may be embedded in the light collector 106 or the light guide 107. In various
implementations, the one or more sources of illumination 120a—120¢ can be powered by

energy generated by the PV cells 110a—110d of the device. For example, the PV cells of
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110a-110d of the device can be electrically coupled to a battery configured to store
energy generated by the PV cells 110a—110d, and the one or more sources of illumination
120a—120¢ can be electrically coupled to the battery. Accordingly, the device may
provide artificial light and may provide at least some, if not all, of the energy required to
power the artificial light source(s). In some implementations, the device may be “on the
grid” such that excess energy can be distributed to the grid. Implementations of a PV
power generating luminaire including the implementations 100, 200, 300, 400, 500, 600,
700 and 800 can provide an aesthetically pleasing appearance, can efficiently collect and
divert sunlight to one or more PV cells at various times during the day, provide artificial
lighting and have a varying degree of transmissivity. Various implementations of a PV
power generating luminaire including the implementations 100, 200, 300, 400, 500, 600,
700 and 800 can have a visual effect comparable to or better than a window screen.

[0103] The above-described  implementations and  other  similar
implementations can be used as a (building-integrated photovoltaic) BIPV product (for
example, window, skylight, fagade, door, glazing, or a curtain wall). A BIPV product
using a device similar to those described herein can reduce the cost of the BIPV product
since the PV cells are used only at the edges of the device (for example, first optical
structure 101 or the light guide 107). High efficiency Si or III-V solar cells can be used
in various implementations to increase the photoelectric conversion efficiency. A BIPV
product using a device similar to those described herein can additionally reduce color
dispersion and image distortion; serve as thermal barrier and block solar radiation thereby
aid in reducing heating and cooling costs; be designed to meet advanced building codes
and standards; minimize fire hazard; supply better daylight as compared to conventional
BIPV products; recycle indoor lighting energy; help in achieving “net zero building” by
generating electric power, be cut into arbitrary shapes and sizes according to the building
requirement; be compatible with curved glass windows and be aesthetically pleasing as
conventional windows. Additionally, a BIPV product using a device similar to those
described herein can be used for windows, privacy screens, skylights, etc. A BIPV
product using a device similar to those described herein can be used to generate PV
power efficiently at various times during the day and also provide natural and/or artificial
lighting.

[0104] Various implementations of the devices described herein can be used
to efficiently generate PV power and provide artificial lighting. The devices described

herein can be relatively inexpensive, thin and lightweight. The devices described herein
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including light collectors and light guides with focusing elements and light redirecting
clements and coupled to one or more PV cells and one or more illumination sources can
be used in a variety of applications. For example, various implementations of devices
described herein can be configured as building-integrated photovoltaic products such as,
for example, windows, roofs, skylights, facades, etc. to generate PV power and provide
artificial lighting. In other applications, various implementations of devices described
herein may be mounted on automobiles and laptops to provide PV power and artificial
light. Various implementations of the devices described herein can be mounted on
various transportation vehicles, such as aircrafts, trucks, trains, bicycles, boats, etc.

[0105] Implementations 100, 200, 300, 400, 500, 600, 700 and 800 discussed
above including a plurality of focusing elements and a plurality of light redirecting
features that are optically coupled to PV cells and one or more sources of illumination
may have an added advantage of being modular. For example, depending on the design,
the PV cells may be configured to be removably attached. Thus existing PV cells can be
replaced periodically with newer and more efficient PV cells without having to replace
the entire system. This ability to replace PV cells may reduce the cost of maintenance
and upgrades substantially.

[0106] A wide variety of other variations are also possible. Films, layers,
components, and/or elements may be added, removed, or rearranged. Additionally,
processing operations may be added, removed, or reordered. Also, although the terms
film and layer have been used herein, such terms as used herein include film stacks and
multilayers. Such film stacks and multilayers may be adhered to other structures using
adhesive or may be formed on other structures using deposition or in other manners.

[0107] Various modifications to the implementations described in this
disclosure may be readily apparent to those skilled in the art, and the generic principles
defined herein may be applied to other implementations without departing from the spirit
or scope of this disclosure. Thus, the claims are not intended to be limited to the
implementations shown herein, but are to be accorded the widest scope consistent with
this disclosure, the principles and the novel features disclosed herein. The word
“exemplary” is used exclusively herein to mean “serving as an example, instance, or
illustration.” Any implementation described herein as “exemplary” is not necessarily to
be construed as preferred or advantageous over other implementations. Additionally, a
person having ordinary skill in the art will readily appreciate, the terms “upper” and

“lower” are sometimes used for case of describing the figures, and indicate relative
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positions corresponding to the orientation of the figure on a properly oriented page, and
may not reflect the proper orientation of the device as implemented.

[0108] Certain features that are described in this specification in the context of
separate implementations also can be implemented in combination in a single
implementation. Conversely, various features that are described in the context of a single
implementation also can be implemented in multiple implementations separately or in any
suitable subcombination. Moreover, although features may be described above as acting
in certain combinations and even initially claimed as such, one or more features from a
claimed combination can in some cases be excised from the combination, and the claimed
combination may be directed to a subcombination or variation of a subcombination.

[0109] Similarly, while operations are depicted in the drawings in a particular
order, this should not be understood as requiring that such operations be performed in the
particular order shown or in sequential order, or that all illustrated operations be
performed, to achieve desirable results. Further, the drawings may schematically depict
one more example processes in the form of a flow diagram. However, other operations
that are not depicted can be incorporated in the example processes that are schematically
illustrated. For example, one or more additional operations can be performed before,
after, simultaneously, or between any of the illustrated operations. In certain
circumstances, multitasking and parallel processing may be advantageous. Moreover, the
separation of various system components in the implementations described above should
not be understood as requiring such separation in all implementations, and it should be
understood that the described program components and systems can generally be
integrated together in a single software product or packaged into multiple software
products. Additionally, other implementations are within the scope of the following
claims. In some cases, the actions recited in the claims can be performed in a different

order and still achieve desirable results.
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WHAT IS CLAIMED I8S:

1. A device comprising:

a first optical structure having a plurality of lenses, each lens being
configured to focus light incident on the lens toward a focal point disposed below
the plurality of lenses, the first optical structure having a forward surface, a
rearward surface, and at least one edge extending between the rearward surface
and the forward surface of the first optical structure;

a second optical structure disposed below the first optical structure, the
second optical structure having a forward surface, a rearward surface, at least one
edge extending between the rearward surface and the forward surface of the
second optical structure;

at least one light source disposed along the at least one edge of the first
optical structure or the second optical structure;

a plurality of turning features configured to turn light received from the at
least one light source out of the rearward surface of the second optical structure;

at least one photovoltaic cell disposed along the at least one edge of the
first optical structure or the second optical structure; and

a plurality of light redirection features each disposed at a focal point of one
of the plurality of lenses, the plurality of light redirection features configured to
redirect at least a portion of light incident on the forward surface of the first
optical structure toward the at least one photovoltaic cell.

2. The device of claim 1, wherein the first optical structure includes:

a first layer including the plurality of lenses; and

a second layer disposed between the first layer and the second optical
structure.

3. The device of claim 2, wherein a light source disposed along the at least
one edge of the first optical structure or a photovoltaic cell disposed along the at least one
edge of the first optical structure is disposed along an edge of the second layer.

4. The device of claim 2, wherein the first layer is offset from the second
layer by a first separating layer of material having a refractive index lower than a
refractive index of the second layer.

5. The device of claim 4, wherein the first separating layer of material

includes at least one of air, nitrogen, and argon.
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6. The device of claim 2, wherein the second optical structure is offset from
the second layer of the first optical structure by a second separating layer having a
refractive index lower than a refractive index of the second optical structure.

7. The device of claim 6, wherein the second separating layer of material
includes at least one of air, nitrogen, and argon.

8. The device of claim 1, further comprising a battery, the battery being
electrically coupled to the at least one photovoltaic cell.

9. The device of claim 8, wherein the at least one light source is electrically
coupled to the battery.

10. The device of claim 1, wherein the at least one photovoltaic cell is
electrically coupled to an electrical grid.

11. The device of claim 1, wherein the plurality of lenses are spaced apart
from one another along a forward surface of the first optical structure.

12. The device of claim 1, wherein the device is a skylight.

13. The device of claim 1, wherein each light turning feature is vertically
aligned with a light redirection feature.

14. The device of claim 1, wherein the first optical structure includes at least
four edges.

15.  The device of claim 14, wherein the second optical structure includes at
least four edges.

16.  The device of claim 15, wherein the device includes at least four light
sources disposed along the at least four edges of the first optical structure.

17. The device of claim 16, wherein the device includes at least four
photovoltaic cells disposed along the at least four edges of the second optical structure.

18.  The device of claim 15, wherein the device includes at least four light
sources disposed along the at least four edges of the second optical structure.

19. The device of claim 18, wherein the device includes at least four
photovoltaic cells disposed along the at least four edges of the first optical structure.

20. The device of claim 1, wherein the plurality of turning features include
prismatic features aligned in parallel and extending across the forward surface of the first
optical structure.

21. The device of claim 20, wherein the prismatic features include triangular

grooves.
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22. The device of claims 20, wherein the prismatic features include trapezoidal
protrusions.
23.  The device of claim 20, wherein the plurality of lenses include cylindrical-

shaped collection lenses aligned in parallel and extending across the forward surface of
the first optical structure in a direction orthogonal to the alignment of the light turning
features.

24, The device of claim 1, wherein the plurality of lenses are configured such
that approximately 1% to approximately 30% of light that is incident on the first optical
structure is re-directed to the at least one photovoltaic cell.

25. The device of claim 24, wherein each lens has a diameter between
approximately 4 mm and approximately 8 mm.

26. A device comprising:

means for focusing at least a portion of light incident on the device toward
a plurality of focal points disposed below the light focusing means;

means for guiding light, the light guiding means disposed below the light
focusing means;

at least one means for generating electricity from light disposed along an
edge of the light focusing means or the light guiding means;

means for redirecting light from the plurality of focal points toward the at
least one electricity generating means; and

means for providing artificial light below the focal points of the light
focusing means.

27.  The device of claim 26, wherein at least a portion of light incident on the
device passes through the light focusing means, light redirecting means, and artificial
light providing means without being redirected toward the at least one electricity
generating means.

28. The device of claim 26, wherein the light focusing means includes a
plurality of lenses, and the at least one electricity generating means includes at least one
photovoltaic cell.

29. The device of claim 26, wherein the light redirecting means includes a
plurality of light redirection features disposed in the light guiding means or the light
focusing means, each light redirection feature being configured to redirect light incident

thereon toward the at least one electricity generating means.
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30.  The device of claim 26, wherein the artificial light providing means
includes a plurality of light turning features disposed in the light guiding means or the
light focusing means, and at least one light source disposed along an edge of the light
guiding means or light focusing means, each light turning feature being configured to turn
light received from the at least one light source below the device in a direction away from
the light guiding means.

31. A method of manufacturing a device, the method comprising:

providing a first optical structure having a plurality of lenses, each lens
being configured to focus light incident on the lens toward a focal point disposed

below the plurality of lenses, the first optical structure having a forward surface, a

rearward surface, and at least one edge extending between the rearward surface

and the forward surface of the first optical structure;

disposing a second optical structure disposed below the first optical
structure, the second optical structure having a forward surface, a rearward
surface, at least one edge extending between the rearward surface and the forward
surface of the second optical structure;

disposing at least one light source along the at least one edge of the first
optical structure or the second optical structure;

forming a plurality of turning features configured to turn light received
from the at least one light source out of the rearward surface of the second optical
structure;

disposing at least one photovoltaic cell disposed along the at least one edge
of the first optical structure or the second optical structure; and

forming a plurality of light redirection features at a focal point of one of
the plurality of lenses, the plurality of light redirection features configured to
redirect at least a portion of light incident on the forward surface of the first
optical structure toward the at least one photovoltaic cell.

32. The method of claim 31, wherein forming the plurality of turning features
includes vertically aligning each light turning feature with a focal point of a lens.

33. The method of claim 31, forming the plurality of turning features includes
forming prismatic features aligned in parallel and extending across the forward surface of

the first optical structure.
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34. The method of claim 33, wherein the plurality of lenses include half-
cylinder shaped collection lenses aligned in parallel and extending across the forward
surface of the first optical structure.

35.  The device of claim 34, wherein forming the plurality of turning features
includes forming the plurality of turning features between the plurality of lenses.

36.  The method of claim 31, further comprising:

providing a battery; and
electrically coupling the at least one photovoltaic cell to the battery.

37.  The method of claim 36, further comprising electrically coupling the at
least one light source to the battery.

38. The method of claim 31, further comprising electrically coupling the at

least one photovoltaic cell to an electrical grid.
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Providing a first optical structure having a plurality of lenses

9@3“\ A i

Disposing a second optical structure below the first optical structure

9@5“\ ki

Disposing at least one light source along at least one edge of the
first or the second optical structure

907~ y

Forming a plurality of turning features configured fo turn light received
from at the at least one light source out of the rearward surface of the
second optical structure

909~ v

Disposing at least one PV cell along at least one edge of the first or
the second optical structure

911~ v

Forming a plurality of light redirection features, each light redirection
feature formed at a focal point of one of the plurality of lenses

FIG. 9A
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Forming a plurality of turning features in second optical structure
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Disposing at least one PV cell along a second edge of the
second optical structure
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Forming a plurality of light redirection features in the second optical
structure, each light redirection feature formed at a focal point of one

of the plurality of lenses
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