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

(19) World Intellectual Property Organization
International Bureau

(43) International Publication Date
16 April 2009 (16.04.2009)

(10) International Publication Number

WO 2009/049048 A2

(51) International Patent Classification:
HOIL 31/042 (2006.01)

(21) International Application Number:
PCT/US2008/079347

(22) International Filing Date: 9 October 2008 (09.10.2008)

(25) Filing Language: English

(26) Publication Language: English
(30) Priority Data:

60/979,696 12 October 2007 (12.10.2007) US

(71) Applicant (for all designated States except US): ULTRA-
DOTS, INC. [US/US]; 2710 Sand Hill Road, Suite 100,
Menlo Park, California 94025 (US).

(72) Inventors; and

(75) Inventors/Applicants (for US only): PFENNINGER,
William [US/US]; 3618 Madison Commons, Fremont,
California 94538 (US). MIDGLEY, John [US/US]; 2608
Graceland Avenue, San Carlos, California 94070 (US).
VOCKIC, Nemanja [BA/US]; 130 Descanso Drive,
Unit 415, San Jose, California 95134 (US). KENNEY,
John [US/US]; 661 Waverley Street, Palo Alto, California
94301 (US).

(74) Agents: LIU, CIliff et al.; Cooley Godward Kronish LLP,
777 6th Street, NW, Suite 1100, Washington, District Of
Columbia 20001 (US).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,
AOQ, AT, AU, AZ,BA, BB, BG, BH, BR, BW, BY, BZ, CA,
CH, 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,
1L, IN, IS, JP, KE, KG, KM, 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, PG, PH, PL, PT,
RO, RS, RU, SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TJ,
™™, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM,
ZW.

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

Published:
—  without international search report and to be republished
upon receipt of that report

Solar radiation

(54) Title: SOLAR MODULES WITH ENHANCED EFFICIENCIES VIA USE OF SPECTRAL CONCENTRATORS

/100

112
/“ 104
ARC (+ bandstop reflector) _— — PV cells
\‘ s 128
X
108 —|
Substrate layer | — 124
116 118
106 — encapsulant
102"
n o] n P
120 122 —126
110 —— Substrate layer 130
|

114—/

09/049048 A2 | N OO0 O

FIG. 1

Spectral Concentrator: (down-conversion or down-shifting)

& (57) Abstract: Described herein are solar modules including spectral concentrators. In one embodiment, a solar module includes

an active layer including a set of photovoltaic cells. The solar module also includes a spectral concentrator optically coupled to
the active layer and including a luminescent material that exhibits photoluminescence in response to incident solar radiation. The
photoluminescence has: (a) a quantum efficiency of at least 30 percent; (b) a spectral width no greater than 100 nm at Full Width at
Half Maximum; and (c) a peak emission wavelength in the near infrared range.



WO 2009/049048 PCT/US2008/079347

SOLAR MODULES WITH ENHANCED EFFICIENCIES VIA USE OF SPECTRAL
CONCENTRATORS

CROSS REFERENCE TO RELATED APPLICATION

[0001] This application claims the benefit of U.S. Provisional Application Serial No.
60/979,696, filed on October 12, 2007, the disclosure of which is incorporated herein by

reference in its entirety.

FIELD OF THE INVENTION

[0002] The invention relates generally to solar modules. More particularly, the invention

relates to solar modules including spectral concentrators.

BACKGROUND

[0003] A solar module operates to convert energy from solar radiation into electricity,
which is delivered to an external load to perform useful work. A solar module typically includes
a set of photovoltaic (“PV”) cells, which can be connected in parallel, in series, or a combination
thereof. The most common type of PV cell is a p-n junction device based on crystalline silicon.
Other types of PV cells can be based on amorphous silicon, polycrystalline silicon, germanium,
organic materials, and Group III-V semiconductor materials, such as gallium arsenide.

[0004] The solar module industry is relatively cost sensitive, and the high cost of starting
silicon wafers is one of the key challenges associated with conventional solar modules. Attempts
have been made to reduce the amount of silicon through the use of thin slices or strips of silicon.
In particular, micromachining operations can be performed on a silicon wafer to form numerous
silicon slices, each of which can be further processed to form a PV cell. In forming PV cells,
each silicon slice can be rotated by about 90°, thereby yielding a gain in overall active surface
area relative to a starting silicon wafer. The use of silicon slices allows a significant reduction in
silicon consumption, which, in turn, allows a significant reduction in manufacturing costs of
solar modules.

[0005] While the use of silicon slices provides the advantages noted above, the resulting
solar modules typically suffer limitations on the ability to efficiently convert solar radiation into
electrical energy. The inability to convert the total incident solar energy into useful electrical
energy represents a loss or inefficiency of the solar modules. One significant loss mechanism

typically derives from a mismatch between an incident solar spectrum and an absorption
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spectrum of PV cells. In the case of a PV cell based on silicon, photons with energy greater than
a bandgap energy of silicon can lead to the production of photo-excited electron-hole pairs with
excess energy. Such excess energy is typically not converted into electrical energy but is rather
typically lost as heat through hot charge carrier relaxation or thermalization. This heat can raise
the temperature of the PV cell and, as result, can reduce the efficiency of the PV cell in terms of
its ability to produce electron-hole pairs. In some instances, the efficiency of the PV cell can
decrease by about 0.5 percent for every 1°C rise in temperature. In conjunction with these
thermalization losses, photons with energy less than the bandgap energy of silicon are typically
not absorbed and, thus, typically do not contribute to the conversion into electrical energy. As a
result, a small range of the incident solar spectrum near the bandgap energy of silicon can be
efficiently converted into useful electrical energy.

[0006] It is against this background that a need arose to develop the solar modules and

related methods described herein.

SUMMARY

[0007] Certain aspects of the invention relate to solar modules having enhanced
efficiencies with respect to conversion of incident solar radiation to useful electrical energy. In
one embodiment, a solar module includes an active layer including a set of photovoltaic cells.
The solar module also includes a spectral concentrator optically coupled to the active layer and
including a luminescent material that exhibits photoluminescence in response to incident solar
radiation. The photoluminescence has: (a) a quantum efficiency of at least 30 percent; (b) a
spectral width no greater than 100 nanometer at Full Width at Half Maximum; and (c) a peak
emission wavelength in the near infrared range.

[0008] In another embodiment, the solar module includes an active layer including a set
of photovoltaic cells. The solar module also includes a first substrate layer adjacent to the active
layer and including a first surface facing away from the active layer. The solar module also
includes a second substrate layer adjacent to the active layer and including a second surface
facing away from the active layer. The active layer is disposed between the first substrate layer
and the second substrate layer. The solar module further includes a first luminescent layer
adjacent to the first surface of the first substrate layer and a second luminescent layer adjacent to
the second surface of the second substrate layer. The first luminescent layer is configured to
convert a first fraction of incident solar radiation into first emitted radiation that is substantially

monochromatic and is directed towards the active layer. The second luminescent layer is
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configured to convert a second fraction of the incident solar radiation into second emitted
radiation that is substantially monochromatic and is directed towards the active layer.

[0009] In a further embodiment, the solar module includes a substrate layer including a
first surface and a second surface. The solar module also includes an anti-reflection coating
adjacent to the first surface of the substrate layer. The solar module further includes an active
layer adjacent to the second surface of the substrate layer. The active layer includes an
encapsulant including a luminescent material that exhibits photoluminescence in response to
incident solar radiation. The photoluminescence has: (a) a spectral width in the range of 20
nanometer to 120 nanometer at Full Width at Half Maximum; and (b) a peak emission
wavelength in the range of 900 nanometer to 1 micrometer. The active layer also includes a set
of photovoltaic cells disposed within the encapsulant.

[0010] Other aspects and embodiments of the invention are also contemplated. The
foregoing summary and the following detailed description are not meant to restrict the invention
to any particular embodiment but are merely meant to describe some embodiments of the

invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] For a better understanding of the nature and objects of some embodiments of the
invention, reference should be made to the following detailed description taken in conjunction
with the accompanying drawings.

[0012] FIG. 1 illustrates a solar module implemented in accordance with an embodiment
of the invention.

[0013] FIG. 2 illustrates a solar module implemented in accordance with another
embodiment of the invention.

[0014] FIG. 3 illustrates a solar module implemented in accordance with another
embodiment of the invention.

[0015] FIG. 4 illustrates a solar module implemented in accordance with another
embodiment of the invention.

[0016] FIG. 5 illustrates a solar module implemented in accordance with a further
embodiment of the invention.

[0017] FIG. 6 illustrates a combined representation of an incident solar spectrum and
measured absorption and emission spectra of UD-930 in accordance with an embodiment of the

invention.
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DETAILED DESCRIPTION

Overview

[0018] Embodiments of the invention relate to solar modules having enhanced
efficiencies with respect to conversion of incident solar radiation to useful electrical energy. For
some embodiments, a solar module includes a set of PV cells and a spectral concentrator that is
optically coupled to the PV cells. By converting a wide range of energies of incident solar
radiation to a narrow band of energies matched to a bandgap energy of the PV cells, the spectral
concentrator allows significant improvements in efficiency to be achieved. In addition, the
design of the PV cells can be optimized or otherwise tailored based on this narrow band of

energies.

Definitions
[0019] The following definitions apply to some of the elements described with regard to
some embodiments of the invention. These definitions may likewise be expanded upon herein.

(13 2% ¢
a

[0020] As used herein, the singular terms an,” and “the” include plural referents
unless the context clearly dictates otherwise. Thus, for example, reference to a luminescent
material can include multiple luminescent materials unless the context clearly dictates otherwise.

[0021] As used herein, the term “set” refers to a collection of one or more clements.
Thus, for example, a set of PV cells can include a single PV cell or multiple PV cells. Elements

of a set can also be referred to as members of the set. Elements of a set can be the same or
different. In some instances, clements of a set can share one or more common characteristics.

[0022] As used herein, the terms “optional” and “optionally” mean that the subsequently
described event or circumstance may or may not occur and that the description includes instances

where the event or circumstance occurs and instances in which it does not.

[0023] As used herein, the term “adjacent” refers to being near or adjoining. Adjacent
elements can be spaced apart from one another or can be in actual or direct contact with one
another. In some instances, adjacent elements can be coupled to one another or can be formed
integrally with one another.

[0024] As used herein, the terms “top” and “bottom” refer to a relative orientation of a

set of elements, such as in accordance with the drawings, but do not require a particular

orientation of those elements during manufacturing or use.
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[0025] As used herein, the term “ultraviolet range” refers to a range of wavelengths from
about 5 nanometer (“nm”) to about 400 nm.

[0026] As used herein, the term “visible range” refers to a range of wavelengths from
about 400 nm to about 700 nm.

[0027] As used herein, the term “infrared range” refers to a range of wavelengths from
about 700 nm to about 2 millimeter (“mm”). The infrared range includes the “near infrared
range,” which refers to a range of wavelengths from about 700 nm to about 5 micrometer
(“um”), the “middle infrared range,” which refers to a range of wavelengths from about 5 pm to
about 30 um, and the “far infrared range,” which refers to a range of wavelengths from about 30
um to about 2 mm.

[0028] As used herein, the terms “reflection,” “reflect,” and “reflective” refer to a
bending or a deflection of light, and the term “reflector” refers to an clement that causes,
induces, or is otherwise involved in such bending or deflection. A bending or a deflection of
light can be substantially in a single direction, such as in the case of specular reflection, or can
be in multiple directions, such as in the case of diffuse reflection or scattering. In general, light
incident upon a material and light reflected from the material can have wavelengths that are the
same or different.

[0029] As used herein, the terms “luminescence,” “luminesce,” and “luminescent” refer
to an emission of light in response to an energy excitation. Luminescence can occur based on
relaxation from excited electronic states of atoms or molecules and can include, for example,
chemiluminescence, electroluminescence, photoluminescence, thermoluminescence,
triboluminescence, and combinations thereof. For example, in the case of photoluminescence,
which can include fluorescence and phosphorescence, an excited electronic state can be
produced based on a light excitation, such as absorption of light. In general, light incident upon
a material and light emitted by the material can have wavelengths that are the same or different.

[0030] As used herein with respect to photoluminescence, the term “quantum efficiency”

refers to a ratio of the number of output photons to the number of input photons. Quantum
efficiency of a photoluminescent material can refer to a ratio of the number of photons emitted
by the photoluminescent material to the number of photons absorbed by the photoluminescent
material.

[0031] As used herein, the term “absorption spectrum” refers to a representation of

absorption of light over a range of wavelengths. In some instances, an absorption spectrum can
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refer to a plot of absorbance (or transmittance) of a material as a function of wavelength of light
incident upon the material.

[0032] As used herein, the term “emission spectrum” refers to a representation of
emission of light over a range of wavelengths. In some instances, an emission spectrum can
refer to a plot of intensity of light emitted by a material as a function of wavelength of the
emitted light.

[0033] As used herein, the term “excitation spectrum” refers to another representation of
emission of light over a range of wavelengths. In some instances, an excitation spectrum can
refer to a plot of intensity of light emitted by a material as a function of wavelength of light
incident upon the material.

[0034] As used herein, the term “Full Width at Half Maximum” or “FWHM?” refers to a
measure of spectral width. In the case of an emission spectrum, a FWHM can refer to a width of
the emission spectrum at half of a peak intensity value.

[0035] As used herein with respect to an absorption spectrum or an excitation spectrum,
the term “substantially flat” refers to being substantially invariant with respect to a change in
wavelength. In some instances, a spectrum can be referred to as being substantially flat over a
range of wavelengths if absorbance or intensity values within that range of wavelengths exhibit

a standard deviation of less than 20 percent with respect to an average intensity value, such as
less than 10 percent or less than 5 percent.

[0036] As used herein with respect to an emission spectrum, the term “substantially
monochromatic” refers to emission of light over a narrow range of wavelengths. In some
instances, an emission spectrum can be referred to as being substantially monochromatic if a
spectral width is no greater than 120 nm at FWHM, such as no greater than 100 nm at FWHM,
no greater than 80 nm at FWHM, or no greater than 50 nm at FWHM.

[0037] As used herein, the term “nanometer range” or “nm range” refers to a range of
dimensions from about 1 nm to about 1 um. The nm range includes the “lower nm range,”
which refers to a range of dimensions from about 1 nm to about 10 nm, the “middle nm range,”
which refers to a range of dimensions from about 10 nm to about 100 nm, and the “upper nm
range,” which refers to a range of dimensions from about 100 nm to about 1 um.

[0038] As used herein, the term “size” refers to a characteristic dimension. In the case of
a particle that is spherical, a size of the particle can refer to a diameter of the particle. In the case
of a particle that is non-spherical, a size of the particle can refer to an average of various

orthogonal dimensions of the particle. Thus, for example, a size of a particle that is a spheroidal
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can refer to an average of a major axis and a minor axis of the particle. When referring to a set
of particles as having a particular size, it is contemplated that the particles can have a distribution
of sizes around that size. Thus, as used herein, a size of a set of particles can refer to a typical
size of a distribution of sizes, such as an average size, a median size, or a peak size.

[0039] As used herein, the term “nanoparticle” refers to a particle that has a size in the
nm range. A nanoparticle can have any of a variety of shapes, such as box-shaped, cube-shaped,
cylindrical, disk-shaped, spherical, spheroidal, tetrahedral, tripodal, tube-shaped, pyramid-
shaped, or any other regular or irregular shape, and can be formed from any of a variety of
materials. In some instances, a nanoparticle can include a core formed from a first material,
which core can be optionally surrounded by a coating or a shell formed from a second material.
The first material and the second material can be the same or different. Depending on the
configuration of a nanoparticle, the nanoparticle can exhibit size dependent characteristics
associated with quantum confinement. However, it is also contemplated that a nanoparticle can
substantially lack size dependent characteristics associated with quantum confinement or can
exhibit such size dependent characteristics to a low degree.

[0040] As used herein, the term “dopant” refers to a chemical entity that is present in a
material as an additive or an impurity. In some instances, the presence of a dopant in a material
can alter a set of characteristics of the material, such as its chemical, magnetic, electronic, or

optical characteristics.

Solar Modules

[0041] FIG. 1 is a cross-sectional view of a portion of a solar module 100 implemented
in accordance with an embodiment of the invention. The solar module 100 includes an active
layer 102, which includes a set of PV cells 104 that are spaced apart from one another and are
embedded within a suitable encapsulant 106, such as a polymer that is optically transparent or
translucent. In the illustrated embodiment, the PV cells 104 are p-n junction devices formed
from thin slices or strips of crystalline silicon. However, the PV cells 104 can also be formed
from another suitable photoactive material. Each of the PV cells 104 can have a thickness in the
range of about 10 um to about 100 um, a width in the range of about 0.5 mm to about 3 mm, and
a length in the range of about 10 mm to about 200 mm. As illustrated in FIG. 1, each of the PV
cells 104 is bifacial and, thus, is able to accept and absorb light at both a top surface 116 or 118
and a bottom surface 120 or 122, although other surfaces of the PV cells 104 can also be

involved. The orientation of the PV cells 104 within the active layer 102 is such that junction
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regions of the PV cells 104 are substantially perpendicular and substantially aligned with respect
to light striking the top surfaces 116 and 118 and the bottom surfaces 120 and 122. This
orientation of the PV cells 104 can enhance uniformity of optical excitation across the junction
regions and enhance solar energy conversion efficiencies.

[0042] As illustrated in FIG. 1, the active layer 102 is sandwiched by a pair of substrate
layers 108 and 110, which are formed from glass or another suitable material that is optically
transparent or translucent. In particular, the substrate layer 108 is adjacent to a top surface 124
of the active layer 102, while the substrate layer 110 is adjacent to a bottom surface 126 of the
active layer 102. An anti-reflection coating (“ARC”) 112 is formed adjacent to a top surface 128
of the substrate layer 108 to reduce reflection of incident solar radiation. The ARC 112 also
includes a bandstop filter or reflector, which inhibits escape of emitted radiation from the solar
module 100 as further described below.

[0043] In the illustrated embodiment, the solar module 100 also includes a spectral
concentrator 114, which is formed as a set of coatings, films, or layers adjacent to a bottom
surface 130 of the substrate layer 110. The spectral concentrator 114 includes a set of
luminescent materials that convert a fraction of a solar spectrum into a relatively narrow,
substantially monochromatic energy band that is matched to an absorption spectrum of the PV
cells 104. In this manner, the spectral concentrator 114 performs spectral concentration by
converting a relatively wide range of energies of solar radiation into an energy band that is close
to the bandgap energy of silicon, or another photoactive material forming the PV cells 104. In
turn, the substantially monochromatic light emitted from the spectral concentrator 114 can be
efficiently absorbed within the junction regions of the PV cells 104. By matching the energy of
the emitted light with the bandgap energy of the PV cells 104, much higher solar energy
conversion efficiencies of 90 percent or more can be achieved. Also, by selecting a luminescent
material having a high absorption coefficient for solar radiation, a thickness of the spectral
concentrator 114 can be reduced, such as in the range of about 0.1 um to about 10 um, in the
range of about 0.2 um to about 1 pum, or in the range of about 0.2 um to about 0.5 um.

[0044] During operation of the solar module 100, a certain fraction of incident solar
radiation passes through the substrate layer 108 and strikes the top surfaces 116 and 118 of the
PV cells 104, which absorb and convert this solar radiation into electricity. A remaining fraction
of the solar radiation, which passes between the PV cells 104 and through the substrate layer
110, strikes the spectral concentrator 114, which absorbs this solar radiation and emits radiation

in a substantially monochromatic energy band. In particular, the spectral concentrator 114 is
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configured to perform down-conversion with a bandgap energy E, close to a bandgap energy of
the PV cells 104. Solar radiation with energies at or higher than the bandgap energy E, is
absorbed and converted into emitted radiation with lower energies that match the bandgap
energy of the PV cells 104. In this manner, thermalization can mostly occur within the spectral
concentrator 114, rather than within the PV cells 104. Emitted radiation from the spectral
concentrator 114 is directed upwards and strikes the bottom surfaces 120 and 122 of the PV cells
104, which absorb and convert this emitted radiation into electricity. Emitted radiation that
passes between the PV cells 104 is reflected as a result of the bandstop reflector included in the
ARC 112, and this reflected radiation can strike the top surfaces 116 and 118 of the PV cells 104
as described above. In the illustrated embodiment, the PV cells 104 are optimized to operate
with respect to substantially monochromatic, emitted radiation, but can also operate efficiently
with respect to incident solar radiation.

[0045] FIG. 2 is a cross-sectional view of a portion of a solar module 200 implemented
in accordance with another embodiment of the invention. The solar module 200 includes an
active layer 202, which includes a set of PV cells 204 that are spaced apart from one another and
are embedded within a suitable encapsulant 206. As illustrated in FIG. 2, the active layer 202 is
sandwiched by a pair of substrate layers 208 and 210, which are adjacent to a top surface 218
and a bottom surface 220 of the active layer 202, respectively. An ARC 212, which includes a
bandstop reflector, is formed adjacent to a top surface 222 of a spectral concentrator 214, which
is further described below. The ARC 212 along with the bandstop reflector operate to reduce
reflection of incident solar radiation and to inhibit escape of emitted radiation from the solar
module 200. A Lambertian reflector 216, such as white paint or another suitable omni-reflective
material, is formed as a coating, film, or layer adjacent to a bottom surface 224 of the substrate
layer 210. Certain aspects of the solar module 200 can be implemented in a similar manner as
described above for the solar module 100, and, therefore, are not further described herein.

[0046] As illustrated in FIG. 2, the solar module 200 also includes the spectral
concentrator 214, which is formed as a set of coatings, films, or layers adjacent to a top surface
226 of the substrate layer 208. During operation of the solar module 200, incident solar radiation
strikes the spectral concentrator 214, which absorbs this solar radiation and emits radiation in a
substantially monochromatic energy band. In particular, the spectral concentrator 214 is
configured to perform down-conversion with a bandgap energy E, close to a bandgap energy of
the PV cells 204. Solar radiation with energies at or higher than the bandgap energy E, is

absorbed and converted into emitted radiation with lower energies that match the bandgap
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energy of the PV cells 204. In this manner, thermalization can mostly occur within the spectral
concentrator 214, rather than within the PV cells 204. Emitted radiation from the spectral
concentrator 214 is directed downwards, and a certain fraction of the emitted radiation strikes top
surfaces 228 and 230 of the PV cells 204, which absorb and convert this emitted radiation into
electricity. A remaining fraction of the emitted radiation, which passes between the PV cells 204
and through the substrate layer 210, strikes the Lambertian reflector 216, which reflects this
emitted radiation. Reflected radiation is directed upwards and strikes bottom surfaces 232 and
234 of the PV cells 204, which absorb and convert this reflected radiation into electricity.
Reflected radiation that passes between the PV cells 204 is again reflected as a result of the
bandstop reflector included in the ARC 212, and this reflected radiation can strike the top
surfaces 228 and 230 of the PV cells 204 as described above. In the illustrated embodiment, the
PV cells 204 are optimized to operate with respect to substantially monochromatic, emitted
radiation.

[0047] FIG. 3 is a cross-sectional view of a portion of a solar module 300 implemented
in accordance with another embodiment of the invention. The solar module 300 includes an
active layer 302, which includes a set of PV cells 304 that are spaced apart from one another and
are embedded within a suitable encapsulant 306. As illustrated in FIG. 3, the active layer 302 is
sandwiched by a pair of substrate layers 308 and 310, which are adjacent to a top surface 316
and a bottom surface 318 of the active layer 302, respectively. An ARC 312, which includes a
bandstop reflector, is formed adjacent to a top surface 320 of a spectral concentrator 314, which
is further described below. The ARC 312 along with the bandstop reflector operate to reduce
reflection of incident solar radiation and to inhibit escape of emitted radiation from the solar
module 300. Certain aspects of the solar module 300 can be implemented in a similar manner as
described above for the solar module 100, and, therefore, are not further described herein.

[0048] As illustrated in FIG. 3, the solar module 300 also includes a pair of spectral
concentrators, namely the spectral concentrator 314 and a spectral concentrator 314°. The
spectral concentrator 314 is formed as a set of coatings, films, or layers adjacent to a top surface
322 of the substrate layer 308, and the spectral concentrator 314 is formed as a set of coatings,
films, or layers adjacent to a bottom surface 324 of the substrate layer 310. During operation of
the solar module 300, incident solar radiation strikes the spectral concentrator 314, which
absorbs a certain fraction of this solar radiation and emits radiation in a substantially
monochromatic energy band. In particular, the spectral concentrator 314 is configured to

perform down-conversion with a bandgap energy E,; close to a bandgap energy of the PV cells
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304. Solar radiation with energies at or higher than the bandgap energy E,; is absorbed and
converted into emitted radiation with lower energies that match the bandgap energy of the PV
cells 304. Solar radiation with energies lower than the bandgap energy Eg; is not absorbed by the
spectral concentrator 314 and passes through the spectral concentrator 314. Emitted radiation
from the spectral concentrator 314 is directed downwards, and the emitted radiation strikes top
surfaces 326 and 328 of the PV cells 304, which absorb and convert this emitted radiation into
electricity. A remaining fraction of the lower energy, incident solar radiation, which passes
between the PV cells 304 and through the substrate layer 310, strikes the spectral concentrator
314°, which absorbs this solar radiation and emits radiation in a substantially monochromatic
energy band. In particular, the spectral concentrator 314’ is configured to perform up-conversion
and emit light with a bandgap energy Eg; also close to the bandgap energy of the PV cells 304.
In other words, the bandgap energy E,; is substantially the same as the bandgap energy E,;, and
solar radiation with lower energies are absorbed and converted by the spectral concentrator 314’
into emitted radiation with higher energies that match the bandgap energy of the PV cells 304.
Emitted radiation from the spectral concentrator 314” is directed upwards, and the emitted
radiation strikes bottom surfaces 330 and 332 of the PV cells 304, which absorb and convert this
emitted radiation into electricity. In this manner, thermalization can mostly occur within the
spectral concentrators 314 and 314°, rather than within the PV cells 304. Emitted radiation that
passes between the PV cells 304 is reflected as a result of the bandstop reflector included in the
ARC 312, and this reflected radiation can strike the top surfaces 326 and 328 of the PV cells 304
as described above. In the illustrated embodiment, the PV cells 304 are optimized to operate
with respect to substantially monochromatic, emitted radiation.

[0049] FIG. 4 is a cross-sectional view of a portion of a solar module 400 implemented
in accordance with another embodiment of the invention. The solar module 400 includes an
active layer 402, which includes a set of PV cells 404 that are spaced apart from one another and
are embedded within a suitable encapsulant 406. As illustrated in FIG. 4, the active layer 402 is
formed adjacent to a bottom surface 418 of a substrate layer 408. An ARC 412, which includes
a bandstop reflector, is formed adjacent to a top surface 420 of the substrate layer 408 to reduce
reflection of incident solar radiation and to inhibit escape of emitted radiation from the solar
module 400. A Lambertian reflector 416 is formed as a coating, film, or layer adjacent to a
bottom surface 422 of the active layer 402. Certain aspects of the solar module 400 can be
implemented in a similar manner as described above for the solar module 100, and, therefore, are

not further described herein.
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[0050] As illustrated in FIG. 4, the encapsulant 406 includes a set of luminescent
materials that convert a fraction of a solar spectrum into a relatively narrow, substantially
monochromatic energy band that is matched to an absorption spectrum of the PV cells 404. In
this manner, the encapsulant 406 serves as a spectral concentrator by converting a relatively wide
range of energies of solar radiation into an energy band that is close to the bandgap energy of
silicon, or another photoactive material forming the PV cells 404. During operation of the solar
module 400, incident solar radiation passes through the substrate layer 408 and strikes the
encapsulant 406, which absorbs this solar radiation and emits radiation in a substantially
monochromatic energy band. In particular, the encapsulant 406 is configured to perform down-
conversion with a bandgap energy E, close to a bandgap energy of the PV cells 404. Solar
radiation with energies at or higher than the bandgap energy E, is absorbed and converted into
emitted radiation with lower energies that match the bandgap energy of the PV cells 404. In this
manner, thermalization can mostly occur within the encapsulant 406, rather than within the PV
cells 404. Emitted radiation is directed towards the PV cells 404, and a certain fraction of the
emitted radiation strikes either top surfaces 424 and 426 or bottom surfaces 428 and 430 of the
PV cells 404, which absorb and convert this emitted radiation into electricity. A remaining
fraction of the emitted radiation, which passes between the PV cells 404, strikes the Lambertian
reflector 416, which reflects this emitted radiation. Reflected radiation is directed upwards and
strikes the bottom surfaces 428 and 430 of the PV cells 404, which absorb and convert this
reflected radiation into electricity. Reflected radiation that passes between the PV cells 404 is
again reflected as a result of the bandstop reflector included in the ARC 412, and this reflected
radiation can strike the top surfaces 424 and 426 of the PV cells 404 as described above. In the
illustrated embodiment, the PV cells 404 are optimized to operate with respect to substantially
monochromatic, emitted radiation.

[0051] FIG. 5 is a cross-sectional view of a portion of a solar module 500 implemented
in accordance with a further embodiment of the invention. The solar module 500 includes an
active layer 502, which includes a set of multi-junction PV cells 504 that are spaced apart from
one another and are embedded within a suitable encapsulant 506. The multi-junction PV cells
504 can be, for example, two-junction or tandem PV cells with two different bandgap energies.
It is also contemplated that multiple single-junction PV cells with respective bandgap energies
can be used. As illustrated in FIG. 5, the active layer 502 is sandwiched by a pair of substrate
layers 508 and 510, which are adjacent to a top surface 516 and a bottom surface 518 of the
active layer 502, respectively. An ARC 512, which includes a bandstop reflector, is formed

781155 v1/PA 12



WO 2009/049048 PCT/US2008/079347

adjacent to a top surface 520 of a spectral concentrator 514, which is further described below.
The ARC 512 along with the bandstop reflector operate to reduce reflection of incident solar
radiation and to inhibit escape of emitted radiation from the solar module 500. Certain aspects of
the solar module 500 can be implemented in a similar manner as described above for the solar
module 100, and, therefore, are not further described herein.

[0052] As illustrated in FIG. 5, the solar module 500 also includes a pair of spectral
concentrators, namely the spectral concentrator 514 and a spectral concentrator 514°. The
spectral concentrator 514 is formed as a set of coatings, films, or layers adjacent to a top surface
522 of the substrate layer 508, and the spectral concentrator 514 is formed as a set of coatings,
films, or layers adjacent to a bottom surface 524 of the substrate layer 510. During operation of
the solar module 500, incident solar radiation strikes the spectral concentrator 514, which
absorbs a certain fraction of this solar radiation and emits radiation in a substantially
monochromatic energy band. In particular, the spectral concentrator 514 is configured to
perform down-conversion with a bandgap energy E, close to a first bandgap energy of the PV
cells 504. Solar radiation with energies at or higher than the bandgap energy Eg is absorbed and
converted into emitted radiation with lower energies that match the first bandgap energy of the
PV cells 504. Solar radiation with energies lower than the bandgap energy Eg; is not absorbed by
the spectral concentrator 514 and passes through the spectral concentrator 514. Emitted radiation
from the spectral concentrator 514 is directed downwards, and the emitted radiation strikes top
surfaces 526 and 528 of the PV cells 504, which absorb and convert this emitted radiation into
electricity. A remaining fraction of the lower energy, incident solar radiation, which passes
between the PV cells 504 and through the substrate layer 510, strikes the spectral concentrator
514, which absorbs this solar radiation and emits radiation in a substantially monochromatic
energy band. In particular, the spectral concentrator 514’ is configured to perform down-
conversion with a bandgap energy E,; close to a second bandgap energy of the PV cells 504. In
the illustrated embodiment, the bandgap energy Eg; is smaller than the bandgap energy E,i, and
solar radiation with energies at or higher than the bandgap energy Eg, are absorbed and
converted by the spectral concentrator 514’ into emitted radiation with lower energies that match
the second bandgap energy of the PV cells 504. Emitted radiation from the spectral concentrator
514’ is directed upwards, and the emitted radiation strikes bottom surfaces 530 and 532 of the
PV cells 504, which absorb and convert this emitted radiation into electricity. In this manner,
thermalization can mostly occur within the spectral concentrators 514 and 514°, rather than

within the PV cells 504. Emitted radiation that passes between the PV cells 504 is reflected as a
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result of the bandstop reflector included in the ARC 512, and this reflected radiation can strike
the top surfaces 526 and 528 of the PV cells 504 as described above. In the illustrated
embodiment, the PV cells 504 are optimized to operate with respect to substantially

monochromatic, emitted radiation.

Luminescent Materials

[0053] A variety of luminescent materials can be used to form the solar modules
described herein. Examples include organic fluorophors, inorganic fluorophors and phosphors,
nanoparticles, and semiconductor materials.

[0054] Inorganic fluorophors having optical transitions in the range of about 900 nm to
about 980 nm can be suitable for use with PV cells based on silicon. An inorganic fluorophor
having a suitable emission wavelength can be selected based on an atomic moiety involved. For
example, inorganic fluorophors with luminescence derived from transition or rare earth atoms
can be used. Other examples of inorganic fluorophors include oxides (or other chalcoginides)
with luminescence derived from a defect state in a crystal.

[0055] Nanoparticles, such as nanoparticles formed from silicon or germanium, can be
useful for spectral concentration. The nanoparticles can be formed as self-assembled
nanoparticles, such as by vacuum deposition, or as discrete nanoparticles, such as in a colloidal
solution. The nanoparticles can be formed with a high quantum efficiency for
photoluminescence by reducing defect density, typically to less than one defect per nanoparticle.
In addition, surfaces of the nanoparticles can be suitably terminated to enhance the
photoluminescence. Emission wavelength of the nanoparticles can be dependent upon, or
controlled by, their sizes. A narrow distribution of sizes can be desirable, so that a resulting
spectral width is narrow, and there is reduced self-absorption of emitted light from smaller-sized
nanoparticles by larger-sized nanoparticles.

[0056] Semiconductor materials, such as indium phosphide or InP, with a bandgap
energy that is near and slightly above the bandgap energy of PV cells can also be used. In
particular, semiconductor materials with a bandgap energy in the range of about 1.1 eV to about
1.5 eV, such as from about 1.2 eV to about 1.4 ¢V, at 300K can be suitable as spectral
concentrators for PV cells based on silicon.

[0057] For example, indium phosphide has a direct, allowed bandgap energy of about
1.35 ¢V and an absorption coefficient of about 10° cm™. Indium phosphide can be deposited by

a variety of processes, such as sputter deposition, Metalorganic Chemical Vapor Deposition
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(“MOCVD?”), Organometallic Chemical Vapor Deposition (“OMCVD”), atmospheric chemical
vapor deposition, Atomic Layer Deposition (“ALD”), Molecular Beam Epitaxy (“MBE”)
deposition, and so forth. Indium phosphide, or another semiconductor material, can be deposited
in a single layer or in multiple layers that are optionally interspersed with other layers. The other
layers can be included for optical and efficiency purposes and for chemical and environmental
protection, such as silica and alumina as hermetic sealants. The absorption coefficient of indium
phosphide, or another semiconductor material, in the optical wavelengths of the solar spectrum
can be in the range of about 10 cm™ or greater at energies larger than the bandgap edge. A film
thickness in the micrometer range, such as a few micrometers or less, can have an optical density
of 2 or more to allow at least about 99 percent of incident solar radiation to be absorbed. Indium
phosphide, or another semiconductor material, can also be deposited into porous matrices or
deposited as nanoparticles. For example, indium phosphide can be formed as nanoparticles and
dispersed in a matrix such as an optically stable polymer or an inorganic glass. The total amount
of absorbing semiconductor material can be equivalent to an optical density of 2 or more to
allow at least about 99 percent of incident solar radiation to be absorbed. Use of a resonant
cavity structure allows the efficient use of semiconductor materials in the form of thin films.
Furthermore, the resonant cavity structure, by modification of a radiation matrix, allows the use
of semiconductor materials with forbidden optical transitions and indirect optical transitions in
the desired wavelength range for spectral concentration. Lower bandgap energy materials can
also be made to luminesce by quantum confinement, either in thin films or by formation of
nanoparticles.

[0058] A class of luminescent materials is disclosed in co-pending and co-owned U.S.
Patent Application Serial No. 11/689,381, entitled “Luminescent Materials that Emit Light in the
Visible Range or the Near Infrared Range” and filed on March 21, 2007, the disclosure of which
is incorporated herein by reference in its entirety. This class of luminescent materials includes
semiconductor materials that can be represented with reference to the formula:

[A2BpX:][dopants] (D

[0059] In formula (I), 4 is selected from elements of Group IA, such as sodium (e.g., as
Na(I) or Na'"), potassium (e.g., as K(I) or K'"), rubidium (e.g., as Rb() or Rb'"), and cesium
(e.g., as Cs(I) or Cs'"); B is selected from elements of Group VA, such as vanadium (e.g., as
V(III) or V™), elements of Group IB, such as copper (e.g., as Cu(I) or Cu™), silver (e.g., as Ag(l)
or Ag™), and gold (e.g., as Au(I) or Au'™), elements of Group IIB, such as zinc (e.g., as Zn(II) or
Zn"™?), cadmium (e.g., as Cd(II) or Cd™?), and mercury (e.g., as Hg(Il) or Hg™), elements of
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Group IIIB, such as gallium (e.g., as Ga(I) or Ga™), indium (e.g., as In(I) or In™"), and thallium
(e.g., as TI(I) or TI'™"), elements of Group IVB, such as germanium (e.g., as Ge(II) or Ge ™ or as
Ge(IV) or Ge™), tin (e.g., as Sn(II) or Sn*?or as Sn(IV) or Sn™), and lead (c.g., as Pb(II) or Pb™*
or as Pb(IV) or Pb™), and elements of Group VB, such as bismuth (c.g., as Bi(IIl) or Bi"); and X
is selected from elements of Group VIIB, such as fluorine (e.g., as F™), chlorine (c.g., as CI™),
bromine (e.g., as Br'), and iodine (e.g., as I'"). Still referring to formula (I), « is an integer that
can be in the range of 1 to 9, such as from 1 to 5; b is an integer that can be in the range of 1 to 5,
such as from 1 to 3; and x is an integer that can be in the range of 1 to 9, such as from 1 to 5. In
some instances, a can be equal to 1, and x can be equal to 1 + 2b. It is also contemplated that
one or more of @, b, and x can have fractional values within their respective ranges. It is further
contemplated that X, in formula (I) can be more generally represented as XoX'y:X "y», where X, X7,
and X’ can be independently selected from elements of Group VIIB, and the sum of x, x’, and x
can be in the range of 1 to 9, such as from 1 to 5. With reference to the generalized version of
formula (I), a can be equal to 1, and the sum of x, x’, and x”" can be equal to 1 + 2b. Dopants
included in a luminescent material represented by formula (I) can be present in amounts that are
less than about 5 percent, such as less than about 1 percent, in terms of elemental composition,
and can derive from ingredients that are used to form the luminescent material. In particular, the
dopants can include cations and anions, which form electron acceptor/electron donor pairs that
are dispersed within a microstructure of the luminescent material.

[0060] Several luminescent materials represented by formula (I) have characteristics that
are desirable for spectral concentration. In particular, the luminescent materials can exhibit
photoluminescence with a high quantum efficiency that is greater than about 6 percent, such as at
least about 10 percent, at least about 20 percent, at least about 30 percent, at least about 40
percent, or at least about 50 percent, and can be up to about 90 percent or more. Also, the
luminescent materials can exhibit photoluminescence with a narrow spectral width that is no
greater than about 120 nm at FWHM, such as no greater than about 100 nm or no greater than
about 80 nm at FWHM. Thus, for example, the spectral width can be in the range of about 20
nm to about 120 nm at FWHM, such as from about 50 nm to about 120 nm, from about 20 nm to
about 100 nm, from about 50 nm to about 100 nm, from about 50 nm to about 80 nm, or from
about 20 nm to about 80 nm at FWHM.

[0061] In addition, the luminescent materials can have bandgap energies that are tunable
to desirable levels by adjusting ingredients and processing conditions that are used. For

example, a bandgap energy can correlate with 4, with the order of increasing bandgap energy
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corresponding to, for example, cesium, rubidium, potassium, and sodium. As another example,
the bandgap energy can correlate with X, with the order of increasing bandgap energy
corresponding to, for example, iodine, bromine, chlorine, and fluorine. This order of increasing
bandgap energy can translate into an order of decreasing peak emission wavelength. Thus, for
example, a luminescent material including iodine can sometimes exhibit a peak emission
wavelength in the range of about 900 nm to about 1 um, while a luminescent material including
bromine or chlorine can sometimes exhibit a peak emission wavelength in the range of about 700
nm to about 800 nm. By tuning bandgap energies, the resulting photoluminescence can have a
peak emission wavelength located within a desirable range of wavelengths, such as the visible
range or the infrared range. In some instances, the peak emission wavelength can be located in
the near infrared range, such as from about 900 nm to about 1 pm, from about 910 nm to about 1
um, from about 910 nm to about 980 nm, or from about 930 nm to about 980 nm.

[0062] Moreover, the photoluminescent characteristics described above can be relatively
insensitive over a wide range of excitation wavelengths. Indeed, this unusual characteristic can
be appreciated with reference to excitation spectra of the luminescent materials, which excitation
spectra can be substantially flat over a range of excitation wavelengths encompassing portions of
the ultraviolet range, the visible range, and the infrared range. In some instances, the excitation
spectra can be substantially flat over a range of excitation wavelengths from about 200 nm to
about 1 pm, such as from about 200 nm to about 980 nm or from about 200 nm to about 950 nm.
Similarly, absorption spectra of the luminescent materials can be substantially flat over a range
of excitation wavelengths encompassing portions of the ultraviolet range, the visible range, and
the infrared range. In some instances, the absorption spectra can be substantially flat over a
range of excitation wavelengths from about 200 nm to about 1 um, such as from about 200 nm to
about 980 nm or from about 200 nm to about 950 nm.

[0063] Two semiconductor materials with desirable characteristics are designated as UD-
700 and UD-930. The composition of these materials is represented as CsSnpX;:2. In the case
of UD-700, X is bromine, and, in the case of UD-930, X is iodine. The spectral width of UD-
700 and UD-930 is narrow (e.g., about 50 meV or less at FWHM), and the absorption spectrum
is substantially flat from the absorption edge into the far ultraviolet. Photoluminescent emission
of UD-700 and UD-930 is stimulated by a wide range of wavelengths of solar radiation up to the
absorption edge of these materials at about 700 nm for UD-700 and about 950 nm for UD-930.

[0064] Desirable characteristics of UD-930 can be further appreciated with reference to

FIG. 6, which illustrates a combined representation of a solar spectrum and measured absorption
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and emission spectra of UD-930 in accordance with an embodiment of the invention. In
particular, FIG. 6 illustrates the AM1.5G solar spectrum (referenced as (A)), which is a standard
solar spectrum representing incident solar radiation on the surface of the carth. The AM1.5G
solar spectrum has a gap in the region of 930 nm due to atmospheric absorption. In view of the
AM1.5G solar spectrum and characteristics of PV cells based on silicon, the absorption spectrum
(referenced as (B)) and emission spectrum (referenced as (C)) of UD-930 render this material
particularly effective for spectral concentration when incorporated within a luminescent layer. In
particular, photoluminescence of UD-930 is substantially located in the gap of the AM1.5G solar
spectrum, with the peak emission wavelength of about 950 nm falling within the gap. This, in
turn, allows the use of a bandstop reflector that is tuned to reflect emitted radiation back towards
the luminescent layer, without significant reduction of incident solar radiation that can pass
through the bandstop reflector and reach the luminescent layer. Also, the absorption spectrum of
UD-930 is substantially flat and extends from the absorption edge at about 950 nm through
substantially the full AM1.5G solar spectrum into the ultraviolet. In addition, the peak emission
wavelength of about 950 nm (or about 1.3 ¢V) is matched to the absorption edge of PV cells
based on silicon, and the spectral width is about 50 meV at FWHM (or about 37 nm at FWHM).
The absorption coefficient of silicon is about 10* cm™ in this range of emission wavelengths, and
junction regions within the PV cells can be designed to efficiently absorb the emitted radiation
and convert the radiation into electron-hole pairs. As a result, UD-930 can broadly absorb a
wide range of wavelengths from incident solar radiation, while emitting a narrow range of
wavelengths that are matched to silicon to allow a high conversion efficiency of incident solar
radiation into electricity. Furthermore, the absorption spectrum and the emission spectrum of
UD-930 overlap to a low degree, thereby reducing instances of self-absorption that would
otherwise lead to reduced conversion efficiency.

[0065] Other luminescent materials that are suitable as spectral concentrators include
ZnsP;, Cu0, CuO, CulnGaS, CulnGaSe, and so forth. Table I below lists a variety of

semiconductor materials that can be used to form the solar modules described herein.
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Table I
Examples of Spectral Concentrator Materials
material E, (¢V, 300K) type material E, (eV, 300K) type
Ge QD 0.8t01.5 BaSnO; 14
SiQD 1.2t01.5 CrCa,GeO, 1.1
InP 1.34 direct LaMnO; 1.3
Gadn;As,Py_y 121014 Ba_Sr,.Si, 1.2
CdTe 1.475 direct BaSi, 1.3 direct
Ga,Tes 1.2 direct ZnGeAs, 1.12 direct
In,Se; 1.3 direct CdSnP, 1.17 direct
InSe 1.2 indirect CusAsS, 1.24
In,Te; 1.1 direct CdIn,Te., 1.25 direct
InTe 1.16 direct Na;Sb 1.1
CuGaTe, 1.2 K;Sb 1.1
CulnS, 1.5 CuO 14 indirect
CusInsSeq 1.1 Cu,O 14 forbidden, direct
CulnS,._Se, 1.1t0 1.4 direct Cu,S 1.3 direct
Ag;InsSeq 1.22 Cu»Se 1.2 direct
AgGaTe, 1.3 direct Cd,Sbs 1.4
AglnSe, 1.2 direct TIS 1.36 direct
CuTIS, 1.4 BiS; 1.3
Cr;S;5 1.1 Bils 1.35
FeP, 0.4 NiP, 0.7
FeSi, 0.8 SnS 1.1
Mg,Si 0.8 SnSe 0.9
MoS; inte. <1.4 Ti145S, 0.7
MoSe; inte. <1.2 TiS;, 0.9
WS, inte. 1.1 Zn;N, 1.2
Sr,CuO,C1 1.3 direct AgsGeSe 1.39
ZnGeP; 1.3 direct AggSnS; 1.28
Zn;P, 1.35 indirect CdInSe, 1.4
Zn;P, 1.4 direct HgTIS, 1.25
B ZnP, 1.3 direct BiSel 1.3
KTaO; 1.5 MgGa,S, 1.2

[0066] Absorption and emission characteristics are typically several orders of magnitude
lower for semiconductor materials having indirect optical transitions or forbidden optical

transitions, as compared with those materials having direct optical transitions. However, by
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modification of a radiation matrix, resonant cavity effects can enhance absorption and emission
characteristics and allow the use of semiconductor materials having indirect or forbidden optical
transitions. Referring to Table I, CuO is an indirect bandgap semiconductor material having a
bandgap energy of about 1.4 eV, and Cu,O has a direct but spin forbidden bandgap energy of
about 1.4 ¢V. By incorporating within a resonant cavity structure, either, or both, CuO and Cu,O
can be used for spectral concentration. Still referring to Table I, Zns;P; has an indirect optical
transition of about 50 meV below a direct optical transition of about 1.4 eV. Resonant cavity
effects can allow coupling of the indirect optical transition to the higher energy direct optical
transition, thereby providing enhanced absorption and emission for use as spectral concentrators.

[0067] To reduce seclf-absorption of emitted light within a luminescent layer,
luminescence can occur via exciton emission. An exciton corresponds to an electron-hole pair,
which can be formed as a result of light absorption. A bound or free exciton can have a Stokes
shift equal to an exciton binding energy. Many semiconductor materials have exciton binding
energies of less than about 20 meV. Room temperature is about 25 meV, so excitons are
typically not present at room temperature for these materials. Some semiconductor materials,
such as CdTe and HgTe, have excitons with high binding energies and are present at room
temperature. However, some of these semiconductor materials may be toxic or relatively
expensive. Other semiconductor materials have intrinsic excitons at room temperature, such as
bismuth triiodide or Bils, and can be desirable for the solar modules described herein.

[0068] Certain layered semiconductor materials, such as tin and lead halides, can have
bandgap and exciton energies tuned by separation of inorganic layers with organic components.
Examples include organic-inorganic quantum well materials, conducting layered organic-
inorganic halides containing 110-oriented perovskite sheets, hybrid tin iodide perovskite
semiconductor materials, and lead halide-based perovskite-type crystals. Certain aspects of these
semiconductor materials are described in Ema et al., “Huge Exchange Energy and Fine Structure
of Excitons in an Organic-Inorganic Quantum Well,” Physical Review B, Vol. 73, pp. 241310-1
to 241310-4 (2006); Mitzi et al., “Conducting Layered Organic-inorganic Halides Containing
110-Oriented Perovskite Sheets,” Science, Vol. 267, pp. 1473-1476 (1995), Kagan et al.,
“Organic-Inorganic Hybrid Materials as Semiconducting Channels in Thin-Film Field-Effect
Transistors,” Science, Vol. 286, pp. 945-947 (1999), Mitzi, “Solution-processed Inorganic
Semiconductors,” J. Mater. Chem., Vol. 14, pp. 2355-2365 (2004); Symonds et al., “Emission of
Hybrid Organic-inorganic Exciton Plasmon Mixed States,” Applied Physics Letters, Vol. 90,
091107 (2007); Zoubi et al., “Polarization Mixing in Hybrid Organic-Inorganic Microcavities,”
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Organic Electronics, Vol. 8§, pp. 127-135 (2007); Knutson et al., “Tuning the Bandgap in Hybrid
Tin Iodide Perovskite Semiconductors Using Structural Templating,” Inorg. Chem., Vol. 44, pp.
4699-4705 (2005); and Tanaka et al., “Comparative Study on the Excitons in Lead-halide-based
Perovskite-type crystals CH;NH;PbBr; CH;NH;PbIs,” Solid State Communications, Vol. 127,
pp. 619-623 (2003), the disclosures of which are incorporated herein by reference in their
entireties.

[0069] Also, other layered materials, such as tin sulfide, tin selenide, titanium sulfide,
and others listed in Table I, can be tuned by intercalating other materials between the layered
materials. ALD can be used to make layered materials with tuned bandgap energies and tuned
exciton binding energies. Tuning an exciton to higher energy can reduce self-absorption and
enhance the probability of lasing. Such material-process combination can be used to develop a
low self-absorption luminescent material by tuned exciton luminescent emission. This can be
further combined with a resonant cavity structure, in either a weak or strong coupling regime, to
produce a low loss, high quantum efficiency, down-conversion structure. Thermal quenching,
namely the reduction of luminescence intensity with an increase in temperature, can be reduced
or eliminated by generating an exciton with a binding energy greater than the Boltzman
temperature, which is about 25 meV at room temperature. For solar applications, a binding
energy in the range of about 35 meV to about 50 meV can be desirable. A larger binding energy
can lead to a Stokes shift in the photoluminescence from the absorption edge that results in an
absorption gap, thereby leading to lower solar energy conversion efficiencies.

[0070] Another way to reduce self-absorption is via the use of orientated birefringence.
In particular, one way to reduce self-absorption in a specific direction within a single crystal or
film is to orient a birefringent material. Birefringence refers to a different refractive index along
two or more different directions of a material. A birefringent material, such as a semiconductor
material, has two or more different bandgap energies along different crystal axis. If a crystal
anisotropy has a bandgap in the visible range of an optical spectrum, the material can be referred
to as being dichoric rather than birefringent. Various birefringent semiconductor materials can
be used as spectral concentrators, such as CulnSe;,Sy, Zn3;N,, and perovskites such as
CsSnjilziax.  Since there are two or more absorption edges or bandgap energies for a
birefringent material, a resulting film can be deposited in an oriented state with the higher
bandgap energy (i.c., shorter wavelength absorption edge) along a direction facing towards PV
cells. In this case, emitted light in the direction facing towards the PV cells can have a lower

absorbance because the emission wavelength is longer than the higher energy bandgap. The use
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of resonant cavity effects and Bragg reflectors can suppress emission in other, more highly self-
absorbed directions.

[0071] Thermal quenching and self-absorption can also be reduced by modifying
material characteristics. For semiconductor materials, an absorption edge can become tilted with
increasing temperature and certain types of doping. This absorption edge tilt can sometimes lead
to increased self-absorption, and can be described by the Elliott equation. Proper doping and
interface or surface modification can be used to control this absorption edge tilt to reduce
instances of thermal quenching and self-absorption. In the case of nanoparticles formed from a
semiconductor material, coatings formed on the nanoparticles can alter emission characteristics
of the semiconductor material by the “Bragg Onion” technique.

[0072] The solar spectrum on the surface of the earth ranges from the ultraviolet into the
infrared. Photons absorbed from the ultraviolet to about 1.3 ¢V are about 49.7 percent of the
total number of photons and about 46.04 percent of the total energy. Of the absorbed photons at
100 percent quantum efficiency, a luminescent material with emission at about 1.3 eV can yield
a solar energy conversion cfficiency of about 46 percent (for one photon to one photon
mechanism). Multiple photon generation can yield higher solar energy conversion efficiencies.
Silicon nanoparticles, such as silicon quantum dots, that emit multiple photons can be used as
spectral concentrators described herein to provide higher conversion efficiencies. Certain
aspects of silicon nanoparticles are described in Beard et al., “Multiple Exciton Generation in
Colloidal Silicon Nanocrystals,” Nano Letters, published on the web on 07/24/2007, the
disclosure of which is incorporated herein by reference in its entirety.

[0073] Since about one half of incident solar radiation is at lower energy, or longer
wavelength, than 1.3 eV (or 950 nm), conversion efficiency can be increased by up-conversion.
Up-conversion can involve a process where two or more photons are absorbed and one photon is
emitted at a higher energy. Rare earth atoms can be relatively efficient at undergoing up-
conversion, and other processes, such as Second Harmonic Generation (“SHG”) at relatively
high intensities, can be used to enhance solar energy conversion efficiencies. The use of
resonant cavity effects in a spectral concentrator can enhance up-conversion and non-linear
processes such as SHG. Certain aspects of up-conversion are described in Sark et al.,
“Enhancing Solar Cell Efficiency by Using Spectral Converters,” Solar Energy Materials &
Solar Cells, Vol. 87, pp. 395-409 (2005); and Shalav et al., “Luminescent Layers for Enhanced

Silicon Solar Cell Performance: Up-conversion,” Solar Energy Materials & Solar Cells, Vol. 91,
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pp. 829-842 (2007), the disclosures of which are incorporated herein by reference in their
entireties.

[0074] A practitioner of ordinary skill in the art requires no additional explanation in
developing the solar modules described herein but may nevertheless find some helpful guidance
regarding the formation and processing of PV cells by examining the following references: U.S.
Patent No. 7,169,669, entitled “Method of Making Thin Silicon Sheets for Solar Cells” and
issued on January 30, 2007; and U.S. Patent Application Publication No. 2005/0272225, entitled
“Semiconductor Processing” and published on December &, 2005, the disclosures of which are
incorporated herein by reference in their entireties. A practitioner of ordinary skill in the art may
also find some helpful guidance regarding spectral concentration by examining the following
references: U.S. Patent No. 4,227,939, entitled “Luminescent Solar Energy Concentrator
Devices” and issued on October 14, 1980; and A. H. Zewali, “Photon Trapping and Energy
Transfer in Multiple-Dye Plastic Matrices: an Efficient Solar-Energy Concentrator;” Optics
Letters, Vol. 1, p. 73 (1977), the disclosures of which are incorporated herein by reference in
their entireties.

[0075] While the invention has been described with reference to the specific
embodiments thereof, it should be understood by those skilled in the art that various changes
may be made and equivalents may be substituted without departing from the true spirit and scope
of the invention as defined by the appended claims. In addition, many modifications may be
made to adapt a particular situation, material, composition of matter, method, or process to the
objective, spirit and scope of the invention. All such modifications are intended to be within the
scope of the claims appended hereto. In particular, while the methods disclosed herein have
been described with reference to particular operations performed in a particular order, it will be
understood that these operations may be combined, sub-divided, or re-ordered to form an
equivalent method without departing from the teachings of the invention. Accordingly, unless
specifically indicated herein, the order and grouping of the operations are not limitations of the

invention.
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What is claimed is:

1. A solar module comprising:

an active layer including a set of photovoltaic cells; and

a spectral concentrator optically coupled to the active layer and including a luminescent
material that exhibits photoluminescence in response to incident solar radiation, the
photoluminescence having: (a) a quantum efficiency of at least 30 percent; (b) a spectral width
no greater than 100 nm at Full Width at Half Maximum; and (c) a peak emission wavelength in

the near infrared range.

2. The solar module of claim 1, wherein the active layer further includes an encapsulant,

and the set of photovoltaic cells are embedded within the encapsulant.

3. The solar module of claim 1, wherein the active layer includes a top surface and a bottom
surface, the set of photovoltaic cells are disposed between the top surface and the bottom surface,
and the solar module further comprises:

a first substrate layer adjacent to the top surface of the active layer; and

a second substrate layer adjacent to the bottom surface of the active layer.

4. The solar module of claim 3, wherein the first substrate layer includes a top surface, the
second substrate layer includes a bottom surface, the spectral concentrator is adjacent to the
bottom surface of the second substrate layer, and the solar module further comprises:

an anti-reflection coating adjacent to the top surface of the first substrate layer.

5. The solar module of claim 3, wherein the first substrate layer includes a top surface, the
second substrate layer includes a bottom surface, the spectral concentrator includes a top surface,
the spectral concentrator is adjacent to the top surface of the first substrate layer, and the solar
module further comprises:

an anti-reflection coating adjacent to the top surface of the spectral concentrator; and

a Lambertian reflector adjacent to the bottom surface of the second substrate layer.
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6. The solar module of claim 1, wherein the quantum efficiency is at least 40 percent, the
spectral width is no greater than 80 nm at Full Width at Half Maximum, and the peak emission

wavelength is in the range of 900 nm to 1 pm.

7. The solar module of claim 1, wherein the luminescent material has the formula:
[4aBsX:],
wherein
A is selected from elements of Group IA;
B is selected from elements of Group IVB;
X is selected from elements of Group VIIB;
a is in the range of 1 to 9;
b 1s in the range of 1 to 5; and

x is in the range of 1 to 9.

8. The solar module of claim 1, wherein the luminescent material is sclected from InP,

ZnsP,, Cu,0, CuO, CulnGaS, and CulnGaSe.

9. A solar module comprising:

an active layer including a set of photovoltaic cells;

a first substrate layer adjacent to the active layer and including a first surface facing away
from the active layer;

a second substrate layer adjacent to the active layer and including a second surface facing
away from the active layer, the active layer being disposed between the first substrate layer and
the second substrate layer;

a first luminescent layer adjacent to the first surface of the first substrate layer, the first
luminescent layer being configured to convert a first fraction of incident solar radiation into first
emitted radiation that is substantially monochromatic and is directed towards the active layer;
and

a second luminescent layer adjacent to the second surface of the second substrate layer,
the second luminescent layer being configured to convert a second fraction of the incident solar
radiation into second emitted radiation that is substantially monochromatic and is directed

towards the active layer.
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10. The solar module of claim 9, wherein the first luminescent layer is configured to perform
down-conversion with a bandgap energy E,;, and the second luminescent layer is configured to

perform up-conversion with a bandgap energy E,».

11. The solar module of claim 10, wherein each of the bandgap energy E, and the bandgap

energy Eg, substantially corresponds to a bandgap energy of the set of photovoltaic cells.

12. The solar module of claim 9, wherein the first luminescent layer is configured to perform
down-conversion with a bandgap energy E,;, the second luminescent layer is configured to
perform down-conversion with a bandgap energy E,;, and the bandgap energy Eg; is smaller than

the bandgap energy Eg;.

13. The solar module of claim 12, wherein the bandgap energy Eg; substantially corresponds
to a first bandgap energy of the set of photovoltaic cells, and the bandgap energy E,

substantially corresponds to a second bandgap energy of the set of photovoltaic cells.

14. The solar module of claim 9, wherein a thickness of at least one of the first luminescent

layer and the second luminescent layer is in the range of 0.1 um to 10 um.

15. The solar module of claim 9, wherein the first luminescent layer includes a third surface
facing away from the first substrate layer, and the solar module further comprises:

an anti-reflection coating adjacent to the third surface of the first luminescent layer.

16. The solar module of claim 15, wherein the anti-reflection coating includes a bandstop
reflector to reflect at least one of the first emitted radiation and the second emitted radiation

towards the active layer.

17. A solar module comprising:
a substrate layer including a first surface and a second surface;
an anti-reflection coating adjacent to the first surface of the substrate layer; and
an active layer adjacent to the second surface of the substrate layer, the active layer

including
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an encapsulant including a luminescent material that exhibits photoluminescence
in response to incident solar radiation, the photoluminescence having: (a) a spectral width in the
range of 20 nm to 120 nm at Full Width at Half Maximum; and (b) a peak emission wavelength
in the range of 900 nm to 1 um, and

a set of photovoltaic cells disposed within the encapsulant.

18. The solar module of claim 17, wherein the anti-reflection coating includes a bandstop

reflector to reflect emitted radiation produced based on the photoluminescence.

19. The solar module of claim 17, wherein the spectral width is in the range of 20 nm to 100
nm at Full Width at Half Maximum, the peak emission wavelength is in the range of 910 nm to

980 nm, and the set of photovoltaic cells are based on crystalline silicon.
20. The solar module of claim 17, wherein the active layer includes a third surface facing

away from the substrate layer, and the solar module further comprises:

a Lambertian reflector adjacent to the third surface of the active layer.

781155 v1/PA 27



PCT/US2008/079347

WO 2009/049048

[ OIA

vl
\I

(BuIiys-uMOp JO UOISISAUOD-UMOP) 1I0Jelju8du0s) |elosds

A Y
0¢1— Jake| syensgng —1— ort
971 — —0C1

L ammmmmmmmmmmmmmgMWNMNNW“&\
| 201
juejnsdeousy
. o117 > 901
Jake| ajensgn
| 81eqnsgns N
\\
se1— SIed Ad (1oyo8ya1 doyspueq +) MM,Q
P01 t\

uonelpel Jejog

N:l\



PCT/US2008/079347

WO 2009/049048

2/6

¢ DIA

#0C
sl10o >n_\ Pk

Jojos|jal ueilaquien

A Y /////%// AT

il —

QNNI//

iahej ajenisqng —1
/PEC 87

— 01T

x iz 1

jueinsdeous

%4

81—
90C —

- 0sc— 07t
Jake| ayessgng

~— 90C

N— 907

. Y,

cee 7 \ /
(Jojoayeu doyspueq +) OYY > (Bunyiys-umo() Jojenuasuo) [esoadg

N~N|\ VNN|\
QQN'\ uoljelpeu Jejog




PCT/US2008/079347

WO 2009/049048

£ DIH

S92 Ad

\IVQM \l FIE

> (uolsiaAu02-dn) 110jesUBSUOY Jesjoads

4

A T

ree— sokej syensqng —— V7€
8§16 — —OE€
u
- 0€
/
© Em_:wamocw//t 90¢
S e 975/
ioAe} syesnsgn
7zs — | syensgng

N— 0¢

wrs A,

N

0zs—/ \

(doyosyyel dojspueq +) DNV

N~ml\
gm\

(Bunyiys-umop AN

I\ /I 0 UOISISAUOD-UMO(]) J0JeljuUBoUDY) [eaoads

pie-/

uonjelpel Jejos



PCT/US2008/079347

WO 2009/049048

4/6

vy OIH
9I¥
s||eo >n_\| v IOLETIEY cm_tngm._\l N
e@vl/ \ / \ \Immw
, /Q//// 1 I R R R R TR

d

- \\\NS\.

' feusiew buniys-umoq <

817y —1
0Z¥ —

I~

~— 90%
97t —/ pry—
Jake} ejensqng
N— 90%

=

(dojospyea doyspueq +) DYV

\ \_ zIv
00¥

uoljelpel Jejos




PCT/US2008/079347

WO 2009/049048

5/6

S OIA
%m
S|199 Ad uonoun| 0>>._.

\l\:h
(4

( mv H ‘Surygiys-umop

IO UOISIOAUOD-UMOP)

I01eIU2OU0)) Tenoadg J

P —
816 —

1 AT //%/ // ///////// DML

Johe| ajensqng —1 0I§
—0£8

\\NQM

Em_:mamocm/( 90

91§ —1
7zs —

97—/

Jake} ejenysqng
— 80§

2222277 \\\\\\\\\\\\\\\\\\\\\\§

QNT\ \

(doyosyei dojspueq +) DYV

NF.I\

00§ \

_ T

uoljeipel Jejosg

BN

(" g ‘Bunyys-ustop
10 UOISISAUOI-UMOP)
10Je1U20U0)) [enoadg

:wl\



WO 2009/049048 PCT/US2008/079347

6/6
S
1=
‘8
e
|
5 NNE
NN
E S
g% &
e
=
< 1g
O
E
a
F R SR

Arbitrary Units



	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - claims
	Page 26 - claims
	Page 27 - claims
	Page 28 - claims
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - drawings
	Page 34 - drawings

