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(57) ABSTRACT

Luminescent materials and methods of forming such materi-
als arc described herein. In one embodiment, a luminescent
material has the formula: [A _Sn, X X' . X" .][dopant],
wherein A 1s included in the luminescent material as a
monovalent cation; X, X', and X" are selected from fluorine,
chlorine, bromine, and 10dine; a 1s 1n the range of 1 to 5; b 1s
intherangeol 1 to3;asumolx, x',and x"1sa +2b; and at least

X' 1s 10dine, such that x'(a+2b)=1/3.
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LUMINESCENT MATERIALS THAT EMIT
LIGHT IN THE VISIBLE RANGE OR THE
NEAR INFRARED RANGE AND METHODS
OF FORMING THEREOF

CROSS REFERENCE TO RELATED
APPLICATION

[0001] This application claims the benefit of U.S. Provi-
sional Application No. 61/267.756, filed on Dec. 8, 2009, the

disclosure of which 1s incorporated herein by reference in 1ts
entirety.

FIELD OF THE INVENTION

[0002] The invention relates generally to luminescent
materials. More particularly, the invention relates to lumines-
cent materials that emit light 1n the visible range or the near
inirared range and methods of forming such materials.

BACKGROUND OF THE INVENTION

[0003] A solar module operates to convert energy from
solar radiation 1nto electricity, which 1s delivered to an exter-
nal load to perform useful work. A solar module typically
includes a set of photovoltaic (“PV™) cells, which can be
connected 1n parallel, in series, or a combination thereof The
most common type of PV cell 1s 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 I1I-V semiconductor materials,
such as gallium arsenide.

[0004] During operation of an existing solar module, 1nci-
dent solar radiation penetrates below a surface of the PV cell
and 1s absorbed within the PV cell. A depth at which the solar
radiation penetrates below the surface can depend upon an
absorption coeflicient of the PV cell. In the case of a PV cell
based on silicon, an absorption coetlicient of silicon varies
with wavelength of solar radiation. For example, for solar
radiation at 900 nm, silicon has an absorption coetlicient of
about 100 cm™', and the solar radiation can penetrate to a
depth of about 100 um. In contrast, for solar radiation at 450
nm, the absorption coefficient is greater at about 10* cm™,
and the solar radiation can penetrate to a depth of about 1 um.
At a particular depth withun the PV cell, absorption of solar
radiation produces charge carriers in the form of electron-
hole pairs. Electrons exit the PV cell through one electrode,
while holes exit the PV cell through another electrode. The
net effect 1s a flow of an electric current through the PV cell
driven by incident solar radiation. The 1nability to convert the
total incident solar radiation to usetul electrical energy rep-
resents a loss or inefficiency of the solar module.

[0005] Current solar modules typically suffer a number of
technical limitations on the ability to efficiently convert inci-
dent solar radiation to usetul electrical energy. One signifi-
cant loss mechanism typically dertves from a mismatch
between an 1ncident solar spectrum and an absorption spec-
trum 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 1s typically not
converted 1nto 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 efliciency of the PV cell 1n terms of its
ability to produce electron-hole pairs. In some 1nstances, the
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elficiency of the PV cell can decrease by about 0.5 percent for
every 1° C. rise 1n temperature. In conjunction with these
thermalization losses, photons with energy less than the band-
gap 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 imncident solar spec-
trum near the bandgap energy of silicon can be efficiently
converted 1nto useful electrical energy.

[0006] Also, in accordance with a junction design of a PV
cell, charge separation of electron-hole pairs 1s typically con-
fined to a depletion region, which can be limited to a thickness
of about 1 um. Electron-hole pairs that are produced further
than a diffusion or dnit length from the depletion region
typically do not charge separate and, thus, typically do not
contribute to the conversion into electrical energy. The deple-
tion region 1s typically positioned within the PV cell at a
particular depth below a surface of the PV cell. The vanation
of the absorption coelficient of silicon across an incident solar
spectrum can 1impose a compromise with respect to the depth
and other characteristics of the depletion region that reduces
the efficiency of the PV cell. For example, while a particular
depth of the depletion region can be desirable for solar radia-
tion at one wavelength, the same depth can be undesirable for
solar radiation at a shorter wavelength. In particular, since the
shorter wavelength solar radiation can penetrate below the
surface to a lesser degree, electron-hole pairs that are pro-
duced can be too far from the depletion region to contribute to
an electric current.

[0007] It 1s against this background that a need arose to
develop the luminescent materials described herein.

SUMMARY OF THE INVENTION

[0008] Luminescent materials according to various
embodiments of the imnvention can exhibit a number of desir-
able characteristics. In some embodiments, the luminescent
materials can exhibit photoluminescence with a high quan-
tum etficiency, with a narrow spectral width, and with a peak
emission wavelength located within a desirable range of
wavelengths, such as the visible range or the near infrared
range. Also, these photoluminescent characteristics can be
relatively insensitive over a wide range of excitation wave-
lengths. The luminescent materials can have other desirable
characteristics, such as relating to their bandgap energies and
clectrical conductivities. Advantageously, the luminescent
materials can be inexpensively and readily formed for use in
solar modules and other applications.

[0009] In one embodiment, a luminescent material has the
formula:

[AzSn, X, X', X" «][dopant]

wherein
A 1s 1ncluded 1in the luminescent material as a monovalent

cation;

X, X', and X" are selected from fluorine, chlorine, bromine,
and 10dine;

a 1s 1n the range of 1 to 3;

b 1s in the range of 1 to 3;

a sum of x, x', and x" 1s a+2b; and

at least X' 1s 10dine, such that x'/(a+2b)=15.

[0010] In another embodiment, a method of forming a
luminescent material includes: (1) providing a source of A
and X, wherein A 1s selected from at least one of elements of
Group IA, and X 1s selected from at least one of elements of
Group VIIB; (2) providing a source of B, wherein B 1s
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selected from at least one of elements of Group IVB; (3)
subjecting the source of A and X and the source of B to
vacuum deposition to form a set of films adjacent to a sub-
strate; and (4) heating the set of films to a temperature T, __to
form a luminescent material adjacent to the substrate,
wherein the luminescent material includes A, B, and X, one of
the source of A and X and the source of B has a lower melting
pointT_ ,, another of the source of A and X and the source of

mlo’
B has a higher melting pont T, ., and T, <1, <T, ,.
[0011] Other aspects and embodiments of the invention are

also contemplated. The foregoing summary and the following
detailed description are not meant to restrict the imnvention to
any particular embodiment but are merely meant to describe
various embodiments of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] 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 conjunc-
tion with the accompanying drawings.

[0013] FIG. 1 illustrates normalized emission spectra of a
set of luminescent materials, according to an embodiment of
the 1nvention.

[0014] FIG. 2 1llustrates a perovskite-based microstructure
of certain luminescent materials, according to an embodi-
ment of the mvention.

[0015] FIG. 3 1llustrates X-ray diffraction data for UD930,
according to an embodiment of the invention.

[0016] FIG. 4 illustrates a combined representation of an
incident solar spectrum and measured absorption and emis-
s1on spectra of UD930 1n accordance with an embodiment of
the 1nvention.

[0017] FIG. 5§ through FIG. 8 illustrate manufacturing
methods to form luminescent materials, according to some
embodiments of the invention.

[0018] FIG. 9 illustrates a solar module implemented 1n
accordance with an embodiment of the invention.

[0019] FIG. 10 illustrates measured photoluminescence
intensity plotted as a function of annealing temperature for
UD930, according to an embodiment of the invention.
[0020] FIG. 11(a) 1llustrates excitation spectra for UD930
at temperatures in the range of 12K to 300K, according to an
embodiment of the invention.

[0021] FIG.11(d)llustrates emission spectra for UD930 at
temperatures 1n the range of 12K to 300K, according to an
embodiment of the invention.

DETAILED DESCRIPTION
Definitions

44 2L

[0022] As used herein, the singular terms “a,” “an,” and
“the” 1include plural referents unless the context clearly dic-
tates otherwise. Thus, for example, reference to a luminescent
material can include multiple luminescent materials unless
the context clearly dictates otherwise.

[0023] As used herein, the term “set” refers to a collection
of one or more elements. Thus, for example, a set of layers can
include a single layer or multiple layers. 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, elements of a set
can share one or more common characteristics.

[0024] As used herein, the term “adjacent” refers to being
near or adjoining. Adjacent elements can be spaced apart
from one another or can be 1n actual or direct contact with one
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another. In some instances, adjacent elements can be con-
nected to one another or can be formed integrally with one
another.

[0025] As used herein, the terms “substantially” and “sub-
stantial” refer to a considerable degree or extent. When used
in conjunction with an event or circumstance, the terms can
refer to instances 1 which the event or circumstance occurs
precisely as well as 1nstances in which the event or circum-
stance occurs to a close approximation, such as accounting
for typical tolerance levels of the embodiments described
herein.

[0026] As used herein, the terms “optional” and “option-
ally” mean that the subsequently described event or circum-
stance may or may not occur and that the description includes
instances where the event or circumstance occurs and
instances 1 which 1t does not.

[0027] As used herein, the term “‘size” refers to a charac-
teristic dimension of an object. Thus, for example, a size ol an
object that 1s spherical can refer to a diameter of the object. In
the case of an object that 1s non-spherical, a size of the
non-spherical object can refer to a diameter of a correspond-
ing spherical object, where the corresponding spherical
object exhibits or has a particular set of derivable or measur-
able characteristics that are substantially the same as those of
the non-spherical object. Alternatively, or 1n conjunction, a
size ol a non-spherical object can refer to an average of
various orthogonal dimensions of the object. Thus, for
example, a size of an object that 1s a spheroidal can refer to an
average ol a major axis and a minor axis of the object. When
referring to a set of objects as having a particular size, 1t 1s
contemplated that the objects can have a distribution of sizes
around the particular size. Thus, as used herein, a size of a set
of objects can refer to a typical size of a distribution of sizes,
such as an average size, a median size, or a peak size.
[0028] As used herein, the term “sub-micron range” refers
to a general range of dimensions less than about 1um or less
than about 1,000 nm, such as less than about 999 nm, less than
about 900 nm, less than about 800 nm, less than about 700 nm,
less than about 600 nm, less than about 500 nm, less than
about 400 nm, less than about 300 nm, or less than about 200
nm, and down to about 1 nm or less. In some 1nstances, the
term can refer to a particular sub-range within the general
range, such as from about 1 nm to about 100 nm, from about
100 nm to about 200 nm, from about 200 nm to about 300 nm,
from about 300 nm to about 400 nm, from about 400 nm to
about 500 nm, from about 500 nm to about 600 nm, from
about 600 nm to about 700 nm, from about 700 nm to about

800 nm, from about 800 nm to about 900 nm, or from about
900 nm to about 999 nm.

[0029] Asused herein, the term “uvltraviolet range” refers to
a range of wavelengths from about 5 nm to about 400 nm.

[0030] As used herein, the term “visible range” refers to a
range of wavelengths from about 400 nm to about 700 nm.

[0031] As used herein, the term “infrared range” refers to a
range of wavelengths from about 700 nm to about 2 mm. The
infrared range includes the “near inirared range,” which
refers to a range of wavelengths from about 700 nm to about
5 um, the “middle infrared range,” which refers to a range of
wavelengths from about 5 nm to about 30 um, and the “far
inirared range,” which refers to a range of wavelengths from
about 30 um to about 2 mm.

[0032] 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 element that causes, induces, or 1s
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otherwise mvolved 1n such bending or deflection. A bending
or a deflection of light can be substantially 1n a single direc-
tion, 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.

[0033] As used herein, the terms “luminescence,” “lumi-
nesce,” 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,
clectroluminescence, photoluminescence, thermolumines-
cence, triboluminescence, and combinations thereof. LLumi-
nescence can also occur based on relaxation from excited
states of quasi-particles, such as excitons, bi-excitons, and
exciton-polaritons. For example, 1n the case of photolumines-
cence, which can include fluorescence and phosphorescence,
an excited 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 wave-
lengths that are the same or different.

[0034] As used herein, the term “optical quantum eifi-
ciency’’ or “OQE” refers to a ratio of the number of photons
emitted by a photoluminescent material to the number of
photons absorbed by the photoluminescent material. In some
instances, an optical quantum eificiency can be represented
as: OQE=-n,m,, where mn, corresponds to a fraction of
absorbed photons leading to the formation of excited states,
such as excited states of excitons, and 1, corresponds to an
“internal quantum efficiency,” namely a fraction of excited
states undergoing radiative decay that yields emitted photons.
[0035] 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
refer to aplotof absorbance (or transmittance) of a material as
a Tunction of wavelength of light incident upon the material.
[0036] Asusedherein, the term “emission spectrum’ refers
to a representation of emission of light over a range of wave-
lengths. In some nstances, an emission spectrum can refer to
a plot of intensity of light emitted by a material as a function
of wavelength of the emaitted light.

[0037] 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 spec-
trum can refer to a plot of intensity of light emitted by a
material as a function of wavelength of light incident upon the
material.

[0038] As used herein, the term “Full Width at Haltf Maxi-
mum” or “FWHM” refers to a measure of spectral width. In
some 1nstances, a FWHM can refer to a width of a spectrum
at half of a peak intensity value.

[0039] As used herein with respect to a photoluminescent
characteristic, the term “substantially flat” refers to being
substantially invariant with respect to a change in wavelength.
In some 1nstances, a photoluminescent characteristic can be
referred to as being substantially flat over a range of wave-
lengths i values of that characteristic within that range of
wavelengths exhibit a standard deviation of less than 20 per-
cent with respect to an average value, such as less than 10
percent or less than 5 percent.

[0040] As used herein with respect to an emission spec-
trum, the term “substantially monochromatic™ refers to emis-
sion of light over a narrow range of wavelengths. In some
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instances, an emission spectrum can be referred to as being
substantially monochromatic 1f a spectral width 1s 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.

[0041] As usedherein, the term “dopant” refers to a chemi-
cal entity that 1s present 1n a material as an additive or an
impurity. In some instances, the presence of a dopant 1n a
material can alter a set of characteristics of the material, such
as 1ts chemical, magnetic, electronic, or optical characteris-
tics.

[0042] As used herein, the term “electron acceptor’™ refers
to a chemical entity that has a tendency to attract an electron
from another chemical entity, while the term “electron donor™
refers to a chemical entity that has a tendency to provide an
clectron to another chemical entity. In some instances, an
clectron acceptor can have a tendency to attract an electron
from an electron donor. It should be recognized that electron
attracting and electron providing characteristics of a chemaical
entity are relative. In particular, a chemical entity that serves
as an electron acceptor 1n one instance can serve as an elec-
tron donor 1n another instance. Examples of electron accep-
tors 1nclude positively charged chemical entities and chemi-
cal enfities including atoms with relatively high
clectronegativities. Examples of electron donors include
negatively charged chemical entities and chemical entities
including atoms with relatively low electronegativities.
[0043] A set of characteristics of a material can sometimes
vary with temperature. Unless otherwise specified herein, a
characteristic of a material can be specified at room tempera-

ture, such as 300K or 27° C.

[Luminescent Materials

[0044] Embodiments of the mnvention relate to luminescent
materials having a number of desirable characteristics. In
particular, luminescent materials according to some embodi-
ments of the imnvention can exhibit photoluminescence with a
high quantum eificiency, with a narrow spectral width, and
with a peak emission wavelength located within a desirable
range of wavelengths. Also, these photoluminescent charac-
teristics can be relatively insensitive over a wide range of
excitation wavelengths. Without being bound by a particular
theory, these unusual and desirable characteristics can at least
partly derive from a particular microstructure of the lumines-
cent materials. Advantageously, the luminescent matenals
can be mexpensively and readily processed to form a variety
of products, which, 1n turn, can be used in solar modules and
other applications.

[0045] Desirable luminescent materials include a class of
semiconductor materials that can be represented with refer-
ence to the formula:

[ABzX,][dopants] (1)

[0046] Informula (1), A 1sselected 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(I) 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(l) or Cu*h), silver (e.g.,
as Ag(I) or Ag*"), and gold (e.g., as Au(l) or Au*'), elements
of Group IIB, such as zinc (e.g., as Zn(1I) or Zn**), cadmium
(e.g., as Cd(I) or Cd**), and mercury (e.g., as Hg(Il) or
Hg*?), elements of Group I1IB, such as gallium (e.g., as Ga(I)
or Ga*"), indium (e.g., as In(I) or In*"), and thallium (e.g., as
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TI(D) or T1™), elements of Group IVB, such as germanium
(e.g., as Ge(Il) or Ge** or as Ge(IV) or Ge*™), tin (e.g., as
Sn(I1) or Sn** or as Sn(IV) or Sn**), and lead (e.g., as Pb(1)
or Pb** or as Pb(IV) or Pb**), and elements of Group VB,
such as bismuth (e.g., as Bi(III) or Bi*?); and X is selected
from elements of Group VIIB, such as fluorine (e.g., as F~1),
chlorine (e.g., as Cl), bromine (e.g., as Br '), and iodine (e.g.,
as I™1). Still referring to formula (1), a is an integer that can be
in the range of 1 to 12, such as from 1 to 9 or from 1 to 3; b 1s
an 1nteger that can be 1n the range of 1 to 8, such as from 1 to
Sorirom 1 to 3; and x 1s an integer that can be 1n the range of
1 to 12, such as from 1 to 9 or from 1 to 3. In some 1nstances,
x can be equal to a+2b, such as for purposes of charge balance
when oxidation states of A, B, and X are +1, +2, and -1,
respectively. For example, a can be equal to 1, and x can be
equal to 1+2b. It 1s also contemplated that one or more of a, b,
and x can have {fractional values within their respective
ranges. It 1s also contemplated that X _1n formula (1) can be
more generally represented as X X' . (or X X' X" .}, where X
and X' (or X, X', and X") can be independently selected from
clements of Group VIIB, and the sum of x and X' (or the sum
of x, X', and x") can be 1n the range o1 1 to 12, such as from 1
to 9 or from 1 to 5. With reference to the generalized version
of formula (1), the sum of x and x' (or the sum of x, x', and x")
can be equal to a+2b. For example, a can be equal to 1, and the
sum of X and x' (or the sum of x, x', and x") can be equal to
1+2b. It 1s further contemplated that a blend or a mixture of
different luminescent materials represented by formula (1)
can be used. Dopants can be optionally included 1n a lumi-
nescent material represented by formula (1), and can be
present 1n amounts that are less than about 5 percent, such as
less than about 1 percent or from about 0.1 percent to about 1
percent, 1n terms of atomic percent or elemental composition.
The dopants can derive from reactants that are used to form
the luminescent material, or can derive from moisture, atmo-
spheric gases, or other chemical entities present during the
formation of the luminescent material. In particular, the
dopants can include cations, anions, or both, which can form
clectron acceptor/electron donor pairs that are dispersed
within a microstructure of the luminescent material.

[0047] Examples of luminescent materials represented by
formula (1) include those represented with reference to the
formula:

[A,Sn,X, |[dopants] (2)

[0048] In formula (2), A 1s selected from potassium,
rubidium, and cestum; and X 1s selected from chlorine, bro-
mine, and 1odine. Still referring to formula (2), x can be equal
to a+2b. In some 1nstances, a can be equal to 1, and x can be
equal to 14+2b. Several luminescent materials with desirable
characteristics can be represented as CsSnX,[dopants] and
include materials designated as UD700 and UD930. In the
case of UD700, X 1s bromine, and, 1n the case of UD930, X 1s
1odine. UD700 exhibits a peak emission wavelength at about
695 nm, while UD930 exhibits a peak emission wavelength at
about 950 nm. The spectral width of UD700 and UD930 1s
narrow (e.g., about 30 meV or less at FWHM), and the
absorption spectrum 1s substantially flat from the absorption
edge 1nto the far ultraviolet. Photoluminescent emission of
UD700 and UD930 1s stimulated by a wide range of wave-
lengths of solar radiation up to the absorption edge of these
materials at about 695 nm for UD700 and about 950 nm for
UD930. The chloride analog, namely CsSnCl,[dopants],

exhibits a peak emission wavelength at about 450 nm, and can
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be desirable for certain implementations. Normalized emis-
s1on spectra of UD700, UD930, and the chloride analog, as
measured using a xenon lamp source at about 300K, are
illustrated 1n FIG. 1 1n accordance with an embodiment of the
invention. Other luminescent materials with desirable char-
acteristics include CsSn,X [dopants], Cs,SnX [dopants],
and CsSn,X-[dopants], mixtures thereof with, or without,
CsSnX,[dopants], such as a mixture of CsSnX;[dopants],
CsSn, X [dopants], and Cs,SnX,[dopants], and luminescent
materials in which at least a fraction of cesium 1s substituted
with another monovalent 10on of comparable size, such as
CH,NH,™ or other poly-elemental, monovalent ions. Addi-
tional luminescent materials with desirable characteristics
include RbSnX,[dopants], such as RbSnl;[dopants] that
exhibits a peak emission wavelength at about 705 nm, and
RbSnBr,|dopants] that exhibits a peak emission wavelength
at about 540 nm. Further luminescent materials with desirable
characteristics include KSnX,[dopants]|, such as KSnBr,
|[dopants] that exhibits a peak emission wavelength at about
465 nm. Each of these luminescent materials can be deposited
as a film 1n a single layer or 1n multiple layers interspersed
with other layers formed from the same luminescent material
or different luminescent materials.

[0049] Additional examples of luminescent materials rep-

resented by formula (1) include those represented with refer-
ence to the formula:

[A,Ge, X, ][dopants] 3)

[0050] In formula (3), A 1s selected from potassium,
rubidium, and cestum; and X 1s selected from chlorine, bro-
mine, and 1odine. Still referring to formula (3), x can be equal
to a+2b. In some 1nstances, a can be equal to 1, and x can be
equal to 14+2b. In the case that A 1s cestum, and X 1s 10dine, for
example, a luminescent material can sometimes be repre-
sented with reference to the formula:

[CsGel;][dopants] (4)

[0051] Additional examples of luminescent materials rep-
resented by formula (1) include those represented with refer-
ence to the formula:

[A b, X, ][dopants] (3)

[0052] In formula (5), A 1s selected from potassium,
rubidium, and cesium; and X 1s selected from chlorine, bro-
mine, and 10dine. Still referring to formula (5), X can be equal
to a+2b. In some 1nstances, a can be equal to 1, and x can be
equal to 1+2b. In the case that A 1s cesium, and X 1s 10dine, for
example, a luminescent material can sometimes be repre-
sented with reference to the formula:

[CsPbl;][dopants] (6)

[0053] Additional examples of luminescent materials rep-
resented by formula (1) include those represented with refer-
ence to the formula:

[AzSn,X, X' ][dopants] (7)

[0054] In formula (7), A 1s selected from potassium,
rubidium, and cesium; and X and X' are different and are
selected from fluorine, chlorine, bromine, and 10dine. Still
referring to formula (7), the sum of x and x' can be equal to
a+2b. In order to achieve desirable photoluminescent charac-
teristics, at least one of X and X' can be 1odine, which can
constitute at least I/5,at least V4, at least 143,at least 12,0r at least
%4 of a total number of halide 10ns. For example, in the case

that X' 1s 10dine, x'l(a+2b)=V5, =14, =14, =4, or =224, In
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some 1stances, a can be equal to 1, and the sum of x and x' can
be equal to 1+2b. In the case that A 1s cesium, X 1s chlorine,
and X' 1s 10dine, for example, a luminescent material can
sometimes be represented with reference to one of the formu-
las:

[CsSnCIL, ] [dopants] (8)
[CsSnCLI][dopants] (9)
[CsSn,Cl,1;][dopants] (10)
[CsSn,Cl;1,][dopants] (11)
[CsSn,ClI,][dopants] (12)
[CsSn,Cl,I][dopants] (13)
[Cs,SnClI;][dopants] (14)
[Cs,SnCL,L,][dopants] (15)
[Cs,SnCl;I][dopants] (16)

And, 1n the case that A 1s cesium, X 1s bromine, and X' 1s
10dine, for example, a luminescent material can sometimes be
represented with reference to one of the formulas:

[CsSnBrlL,][dopants] (17)
[CsSnBr,I][dopants] (18)
[CsSn,Br,1;][dopants] (19)
[CsSn,Br;1,][dopants] (20)
[CsSn,Brl,] [dopants] (21)
[CsSn,Br,I][dopants] (22)
[Cs,SnBrl;][dopants] (23)
[Cs,SnBr,1,][dopants] (24)
[Cs,SnBr;I][dopants] (25)

And, 1n the case that A 1s cesium, X 1s fluorine, and X' 1s
10dine, for example, a luminescent material can sometimes be
represented with reference to one of the formulas:

[CsSnFL][dopants] (26)
[CsSnF-I][dopants] (27)
[CsSn,F,I,][dopants] (28)
[CsSn,F,L][dopants] (29)
[CsSn,F1,][dopants] (30)
[CsSn,F,I][dopants] (31)
[Cs,SnFI,][dopants] (32)
[Cs,SnF,L][dopants] (33)
[Cs,SnF,I][dopants] (34)
[0055] Further examples of luminescent materials repre-

sented by formula (1) include those represented with refer-
ence to the formula:

[ASn, X, X', X" ~][dopants] (35)
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[0056] In formula (35), A 1s selected from potassium,
rubidium, and cesium; and X, X', and X" are different and are
selected from fluorine, chlorine, bromine, and 10dine. Still
referring to formula (35), the sum of X, X', and x" can be equal
to a+2b. In order to achieve desirable photoluminescent char-
acteristics, at least one of X, X', and X" can be 10dine, which
can constitute at least '5,at least V4,at least 13,at least V2, or at
least 24 of a total number of halide 10ons. For example, in the
case that X' 1s 10dine, X'/(a+2b)=15, =14, =14, =14, or =74.
In some 1nstances, a can be equal to 1, and the sum of x, X', and
x" can be equal to 1+2b. In the case that A 1s cesium, X 1s
chlorine, X' 1s 10dine, and X" 1s bromine, for example, a
luminescent material can sometimes be represented with ret-
erence to one of the formulas:

[CsSnClIBr][dopants] (36)
[CsSn,CIL .Br, .|[dopants], x'=1, 2, or 3 (37)
[CsSn,Cl,1Br;y_][dopants], x'=1 or 2 (3%8)
[CsSn,Cl;IBr][dopants] (39)
[Cs>SnClI Br;_][dopants], x'=1 or 2 (40)
[Cs,SnCl,IBr][dopants] (41)

And, 1n the case that A 1s cesium, X 1s chlorine, X' 1s 10dine,
and X" 1s fluorine, for example, a luminescent material can
sometimes be represented with reference to one of the formu-
las:

[CsSnCIIF][dopants] (42)
[CsSn,CIL.F,__][dopants], x'=1, 2, or 3 (43)
[CsSn,Cl,1.F5 ][dopants], x'=1 or 2 (44)
[CsSn,Cl;IF][dopants] (45)
[Cs>SnCIL F;_|[dopants], x'=1 or 2 (46)
[Cs>SnCl,IF][dopants] (47)
[0057] Certain luminescent materials represented by for-

mula (1) can have a perovskite-based microstructure. This
perovskite-based microstructure can be layered with rela-
tively stronger chemical bonding within a particular layer and
relatively weaker chemical bonding between different layers.
In particular, certain luminescent materials represented by
formula (1) can have a perovskite-based crystal structure.
This structure can be arranged in the form of a network of BX
octahedral units along different planes, with B at the center of
cach octahedral unit and surrounded by X, and with A 1nter-
stitial between the planes, as 1llustrated 1n FIG. 2 1n accor-
dance with an embodiment of the invention, where B 1s a
cation, X 1s a monovalent anion, and A 1s a cation that serves
to balance the total charge and to stabilize the crystal struc-
ture. Certain aspects of a perovskite-based microstructure can
be observed 1n X-ray diffraction (“XRID’") data, as 1llustrated
in FIG. 3 for UD9301n accordance with an embodiment of the
invention.

[0058] Referring back to FIG. 2, dopants can be incorpo-
rated in a perovskite-based crystal structure, as manifested by,
for example, substitution of a set of atoms 1ncluded in the
structure with a set of dopants. In the case of UD930, for
example, either, or both, Cs*' and Sn** can be substituted
with a cation such as Sn(IV) or Sn**, and I"' can be substi-
tuted with an anion such as F~*, CI™', Br™, O™%, OH™, or
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other anions with smaller radii relative to I"". The incorpora-
tion of dopants can alter a perovskite-based crystal structure
relative to the absence of the dopants, as manifested by, for
example, shorter bond lengths along a particular plane and
between different planes, such as shorter B-X-B bond lengths
along a particular plane and shorter B-X-B bond lengths
between different planes. In some instances, substitution of
[~! with either, or both, of F~* and C1~* can lead to shorter and
stronger bonds with respect to Sn*~ along a particular plane
and between different planes. Without being bound by a par-
ticular theory, the mncorporation of dopants can lend greater
stability to a perovskite-based crystal structure, and desirable
photoluminescent characteristics can at least partly derive
from the presence of these dopants. In some 1nstances, sub-
stitution of =" with other halides can be at levels greater than
typical doping levels, such as up to about 50 percent of I™" to
form an alloy of mixed halides.

[0059] Certain luminescent materials represented by for-
mula (1) can be polycrystalline with constituent crystallites or
grains having sizes in the sub-micron range. The configura-
tion of grains can vary from one that 1s quasi-isotropic,
namely in which the grains are relatively umiform 1n shape
and size and exhibit a relatively uniform grain boundary
orientation, to one that 1s anisotropic, namely 1n which the
grains exhibit relatively large deviations 1n terms of shape,
s1Ze, grain boundary orientation, texture, or a combination
thereof. In the case of UD930, for example, grains can be
formed 1n an anisotropic fashion and with an average size 1n
the range of about 200 nm to about 400 nm, such as from
about 250 nm to about 350 nm.

[0060] Several luminescent materials represented by for-
mula (1) have characteristics that are desirable for solar mod-
ules. In particular, the luminescent materials can exhibit pho-
toluminescence with a high optical quantum efficiency that 1s
greater than about 6 percent, such as at least about 10 percent,
at least about 20 percent, at least about 25 percent, at least
about 30 percent, or at least about 35 percent, and can be up to
about 40 percent, about 50 percent, or more, and with a high
internal quantum etficiency that 1s greater than about 50 per-
cent, such as at least about 60 percent, at least about 70
percent, at least about 75 percent, at least about 80 percent, or
at least about 85 percent, and can be up to about 95 percent,
about 99 percent, or more. Also, the luminescent materials
can exhibit photoluminescence with a narrow spectral width
that 1s 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 1n the
range of about 20 nm to about 120 nm at FWHM, such as from
about 50 nm to about 120 nm, from about 50 nm to about 100
nm, or from about 50 nm to about 80 nm at FWHM. Incor-
poration of the luminescent materials within a resonant cavity
waveguide can further narrow the spectral width.

[0061] In addition, the luminescent materials can have
bandgap energies and resistivities that are tunable to desirable
levels by adjusting reactants and processing conditions that
are used. For example, a bandgap energy can correlate with A,
with the order of increasing bandgap energy 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 correspond-
ing to, for example, 10dine, 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 10dine can some-

Jul. 28, 2011

times 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 i the range of about 700 nm to about
800 nm. By tuning bandgap energies, the resulting photolu-
minescence can have a peak emission wavelength located
within a desirable range of wavelengths, such as the visible
range or the infrared range. In some 1nstances, the peak emis-
sion wavelength can be located 1n the near infrared range,
such as from about 900 nm to about 1 um, 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 photoluminescence characteristics
described above can be relatively insensitive over a wide
range of excitation wavelengths. Indeed, this unusual charac-
teristic 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 excita-
tion spectra can be substantially tlat 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. 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 1nstances,
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. Also, optical quantum eificiencies of the
luminescent materials can be substantially tlat over a range of
excitation wavelengths, such as from about 200 nm to about 1

wm, from about 200 nm to about 980 nm or from about 450 nm
to about 900 nm.

[0063] For example, UD930 has a direct bandgap with a
value of about 1.32 eV at 300K.. This bandgap can decrease as
temperature decreases, at least partly resulting from an anhar-
monicity 1 a lattice potential. Without being bound by a
particular theory, photoluminescence for UD930 (and certain
other luminescent maternials represented by formula (1)) can
occur via exciton emission. An exciton corresponds to an
clectron-hole pair, which can be formed as a result of light
absorption. Most semiconductor materials have relatively
small exciton binding energies, so excitons are typically not
present at room temperature. Certain luminescent materials
represented by formula (1) can have relatively large exciton
binding energies, and can be incorporated in a resonant cavity
waveguide to yield suppression of emission 1n a vertical
direction and stimulated emission along a plane of the cavity
waveguide. The larger a Stokes shift, or exciton binding
energy, the more tolerant the cavity waveguide can be with
respect to imperfections. Thus, the cavity waveguide can be
readily formed 1n an inexpensive manner, without resorting to
techniques such as Molecular Beam Epitaxy (“MBE”).

[0064] Desirable characteristics of UD930 can be further
appreciated with reference to FIG. 4, which illustrates a com-
bined representation of a solar spectrum and measured
absorption and emission spectra of UD930 1n accordance
with an embodiment of the invention. In particular, FIG. 4
illustrates the AM1.5G solar spectrum (referenced as (A)),
which 1s a standard solar spectrum representing incident solar
radiation on the surface of the earth. The AMI1.5G solar
spectrum has a gap 1n the region o1 930 nm due to atmospheric
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absorption. In view of the AM1.5G solar spectrum and char-
acteristics of PV cells based on silicon, the absorption spec-
trum (referenced as (B)) and emission spectrum (referenced
as (C)) of UD930 render this material particularly effective
for spectral concentration when incorporated within an emis-
sion layer. In particular, photoluminescence of UD930 1s
substantially located in the gap of the AM1.5G solar spec-
trum, with the peak emission wavelength of about 950 nm
talling within the gap. This, in turn, allows the use of reflector
layers (e.g., above and below the emission layer) that are
tuned to reflect emitted radiation back towards the emission

layer, without significant reduction of incident solar radiation
that can pass through the retlector layers and reach UD930.
Also, the absorption spectrum of UD930 1s substantially flat
and extends from the absorption edge at about 950 nm
through a large fraction of the AM1.5G solar spectrum 1nto
the ultraviolet. In addition, the peak emission wavelength of
about 950 nm (or about 1.32 €V) 1s matched to the absorption
edge of PV cells based on silicon, and the spectral width 1s
about 50 meV at FWHM (or about 37 nm at FWHM). The
absorptlon coeflicient of silicon is about 10~ in this range of
emission wavelengths, and junctions within the PV cells can
be designed to efficiently absorb the emitted radiation and
convert the radiation mto electron-hole pairs. As a result,
UD930 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 con-
version elficiency of incident solar radiation into electricity.
Furthermore, the absorption spectrum and the emission spec-
trum of UD930 overlap to a low degree, thereby reducing
instances of self-absorption that would otherwise lead to
reduced conversion elliciency.

[0065] Luminescent materials represented by formula (1)
can be formed via reaction of a set of reactants or precursors
at high yields and at moderate temperatures and pressures.
Thereaction can be represented with reference to the formula:

Source(B)+Source(4, X)—Luminescent Material (48)

[0066] In formula (48), source(B) serves as a source of B,
and, in some 1nstances, source(B) can also serve as a source of
dopants or halide 1ons. In the case that B 1s germanium, tin, or
lead, for example, source(B) can include one or more types of
B-containing compounds selected from B(II) compounds of
the form BY, BY ,, B,Y,, and B,Y and B(IV) compounds of
the form BY,, where Y can be selected from elements of
Group VIB, such as oxygen (e.g., as O™%); elements of Group
VIIB, such as fluorine (e.g., as F~"), chlorine (e.g., as CI™),

bromine (e.g., as Br™'), and iodine (e.g., as F~"); and poly-
elemental chemical entities, such as nitrate (i.e., NO;™),
thiocyanate (i.e., SCN™"), hypochlorite (i.e., OCI™"), sulfate
(i.e., SO,™), orthophosphate (i.e., PO, *), metaphosphate
(i.e., PO,™), oxalate (i.e., C,0, %), methanesulfonate (i.e.,
CH,SO,™), trifluoromethanesulfonate (i.e., CF,SO,™), and
pyrophosphate (i.e., P,O,~*). Examples of tin(I) compounds
include tin(Il) fluoride (i.e., SnF,), tin(II) chlonde (i.e.,
SnCl,), tin(Il) chloride dihydrate (i.e., SnCl,.2H,0O), tin(I1I)
bromide (1.e., SnBr,), tin(II) 10dide (1.e., Snl, ), tin(Il) oxide
(1.e., SnO), tin(II) sulfate (1.e., SnSO,), tin(I1T) orthophosphate
(1.e., Sny(PO,),), tin(1I) metaphosphate (1.e., Sn(PO,),), tin
(II) oxalate (1.e., Sn(C,0O,)), tin(II) methanesulfonate (1.e.,
Sn(CH,S0,),), tin(II) pyrophosphate (i.e., Sn,P,0-), and tin
(II) trifluoromethanesulionate (1.e., Sn(CF,SO,),). Examples
of tin (IV) compounds 1include tin(IV) chloride (1.e., SnCl,)
and tin(IV) chloride pentahydrate (1.e., SnCl,.5H,0O). It 1s
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contemplated that different types of source(B) can be used,
such as source(B) and source(B'), with B and B' indepen-
dently selected from elements of Group IVB, or as source(B),
source(B'), and source(B"), with B, B', and B" independently
selected from elements of Group IVB.

[0067] Still referring to formula (48), source(A, X) serves
as a source of A and X, and, in some instances, source( A, X)
can also serve as a source of dopants. Examples of source(A,
X) include alkal1 halides of the form AX. In the case that A 1s
cesium, potassium, or rubidium, for example, source(A, X)
can 1nclude one or more types of A(I) halides, such as cesium
(I) fluonde (1.e., CsF), cestum(I) chlonde (1.e., CsCI), cesium
(I) bromide (1.e., CsBr), cestum(I) 1odide (1.e., Csl), potas-
sium(I) fluoride (1.e., KF), potassium(I) chlonide (i.e., KCl),
potassium(l) bromide (1.e., KBr), potassium(l) 1odide (1.e.,
KI), rubidium(I) fluoride (i1.e., RbF), rubidium(I) chlonde
(1.e., RbCl), rubidium(I) bromide (1.e., RbBr), and rubidium
(I) 10dide (1.e., RbI). It 1s contemplated that different types of
source(A, X) can be used, such as source(A, X) and source
(A', X"), with A and A' independently selected from elements
of Group IA, and X and X' independently selected from
clements of Group VIIB, or as source(A, X), source(A X'),
and source(A', X"), with A, A', and A" independently selected
from elements of Group IA, and X, X', and X" independently
selected from elements of Group VIIB.

[0068] The reaction represented by formula (48) can be
carried out by combining, mixing, or otherwise contacting
source(B) with source(A, X), and then applying a form of
energy. For some embodiments, source(B) and source( A, X)
can be deposited on a substrate to form a set of films or layers.
For example, source(B) and source(A, X) can be co-deposited
on a substrate to form a film, or can be sequentially deposited
to form adjacent films. Examples of suitable deposition tech-
niques include vacuum deposition (e.g., thermal evaporation
or electron-beam evaporation), Physical Vapor Deposition
(“PVD”), Chemical Vapor Deposition (“CVD”), Atomic
Layer Deposition (“ALD”), sputtering, spray coating, dip
coating, web coating, wet coating, and spin coating. For other
embodiments, source(B) and source(A, X) can be mixed in a
dry form, 1n solution, or in accordance with any other suitable
mixing technique. For example, source(B) and source(A, X)
can be provided 1n a powdered form, and can be mixed using
any suitable dry mixing technique. As another example, sour-
ce(B)and source( A, X) can be dispersed 1n a reaction medium
to form a reaction mixture, and the reaction medium can
include a solvent or a mixture of solvents. Once source(B) and
source(A, X) are suitably combined, a form of energy 1s
applied to promote formation of a luminescent material, such
as 1in the form of acoustic or vibrational energy, electrical
energy, magnetic energy, mechanical energy, optical energy,
or thermal energy. For example, source(B) and source(A, A)
can be deposited on a substrate, and a resulting set of films can
be heated to a suitable temperature to form the luminescent
material. Heating can be performed 1n air, 1n an mert atmo-
sphere (€.g., a nitrogen atmosphere), or 1n a reducing atmo-
sphere for a suitable time period. It 1s also contemplated that
multiple forms of energy can be applied simultaneously or
sequentially.

[0069] The resulting luminescent material can include A,
B, and X as major elemental components as well as elemental
components dertved from or corresponding to Y. Also, the
luminescent material can include additional elemental com-
ponents, such as carbon, chlorine, hydrogen, and oxygen, that
can be present in amounts that are less than about 5 percent or
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less than about 1 percent in terms of elemental composition,
and further elemental components, such as sodium, sulfur,
phosphorus, and potassium, that can be present 1n trace
amounts that are less than about 0.1 percent 1n terms of
clemental composition.

[0070] Examples of the reaction represented by formula
(48) 1nclude those represented with reference to the formula:

BY,;+AX—TLuminescent Material (49)

[0071] In formula (49), B 1s selected from germanium, tin,
and lead; Y 1s selected from fluorine, chlorine, bromine, and
1odine; A 1s selected from potassium, rubidium, and cesium;
and X 1s selected from fluorine, chlorine, bromine, and
1odine. Still referring to formula (26), 1t 1s contemplated that
BY , can be more generally represented as BY , and B'Y', (or
BY,,B'Y',,and B"Y",), where B and B' (or B, B', and B") are
independently selected from germanium, tin, and lead, andY
and Y' (or Y, Y', and Y") are independently selected from
fluorine, chlorine, bromine, and 10dine. In the case that B 1s
tin, for example, BY, can be represented as SnY ,, or can be
more generally represented as SnY, and SnY', (or SnY,,
SnY',, and SnY",), where Y and Y' (or Y, Y', and Y") are
independently selected from fluorine, chlorine, bromine, and
10dine.

[0072] For example, Snl, (or SnCl,) can be reacted with
Csl to form a luminescent material having a peak emission
wavelength at about 950 nm, such as UD930. As another
example, SnBr, can be reacted with CsBr to form a lumines-
cent material having a peak emission wavelength at about 695
nm, such as UD700. As another example, SnBr, can be
reacted with KBr to form a luminescent material having a
peak emission wavelength at about 465 nm. As another
example, Snl, can be reacted with RbI to form a luminescent
material having a peak emission wavelength at about 705 nm.
As aturther example, SnBr, can be reacted with RbBr to form
a luminescent material having a peak emission wavelength at
about 540 nm.

[0073] Attention nextturns to FIG. 5 through FI1G. 8, which

1llustrate manufacturing methods to form luminescent mate-
rials, according to some embodiments of the imnvention.

[0074] Referring first to FIG. 5, a substrate 500 1s provided.
The substrate 500 serves as a supporting structure during
manufacturing operations, and serves to protect a resulting,
luminescent material from environmental conditions. The
substrate 500 can be rigid or flexible, can be porous or non-
porous, can be optically transparent, translucent, or opaque,
and can be formed from a glass, a metal, a ceramic, a polymer,
or another suitable material. For some implementations, the
substrate 500 can include a base substrate and a set of coatings
or films that are formed adjacent to the base substrate to
provide a deposition surface for subsequent manufacturing,
operations. Examples of suitable coating materials include
oxides, such as silica (1.e., S10, or a-S10,), alumina (1.e.,
Al,Oy), Th0,, Ta,0O., Nb,O., ZrO,, HIO,, SnO,, Zn0O,,
La,0,, Y,0,, CeO,, Sc,0,, Er,0,, V,0O., and In,O,; and
other suitable thin-film dielectric materials.

[0075] Substrate effects can sometimes occur with respect
to resulting photoluminescence characteristics. For example,
enhancements ol about three times or more in photolumines-
cence intensity, such as from about 5 times to about 10 times,
can occur for alumina-based ceramic substrates, relative to
substrates formed from certain other materials. Without being
bound by a particular theory, such enhancements can at least
partly dertve from one or a combination of the following: aR1
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R2 emission process; surface roughness of the alumina-based
ceramic substrate; and high retlectivity of the alumina-based
ceramic substrate, which can promote reflection of incident
radiation back towards a luminescent material.

[0076] Next, as i1llustrated 1n FIG. 5, a set of reactants (that
are precursors of a luminescent material) are deposited adja-
cent to the substrate 500. In the illustrated embodiment, sour-
ce(B) and source(A, X) are subjected to vacuum deposition,
thereby forming a precursor layer 502 adjacent to the sub-
strate 500. Deposition can be carried out using a vacuum
deposition system that 1s evacuated to a pressure no greater
than about 1x10~* Torr, such as no greater than about 1x10™>
Torr, and down to about 1x10~° Torr or less. It is contemplated
that another suitable deposition technique can be used in
place of, or in conjunction with, vacuum deposition.

[0077] Deposition of source(B) and source(A, X) can be
carried out sequentially 1n accordance with the same vacuum
deposition technique or different vacuum deposition tech-
niques. For example, BY, and AX can be evaporated in
sequential layers, from two layers to 30 or more layers total,
such as from two layers to 16 layers total, or from two layers
to s1x layers total, and with a weight or molar ratio of BY, to
AX from about 99:1 to about 1:99, such as from about 5:1 to
about 1:5 or from about 2:1 to about 1:2. A particular one of
BY, and AX having a lower melting point T, can be placed
in an evaporator boat and deposited by thermal evaporation,
while another one of BY, and AX having a higher melting
pomnt T, can be placed in another evaporator boat and depos-
ited by thermal evaporation or electron-beam evaporation. In
the case of Snl, with a melting point of about 318° C. (or
SnCl, with a melting point of about 246° C.) and CsI with a
melting point of about 620° C., Snl, (or SnCl,) can be depos-
ited by thermal evaporation, while CsI can be deposited by
thermal evaporation or electron-beam evaporation. A thick-
ness of each individual BY ,-containing layer or each indi-
vidual AX-containing layer can be in the range of about 10 nm
to about 1.5 um, such as from about 10 nm to about 1 um or
from about 10 nm to about 300 nm, with a total thickness for
all layers 1n the range of about 20 nm to about 45 um, such as
from about 40 nm to about 20 um or from about 50 nm to
about 5 um.

[0078] Source(B) and source(A, X) can also be co-depos-
ited 1n accordance with a particular vacuum deposition tech-
nique. For example, BY, and AX can be co-evaporated to
form a single layer or multiple layers, with a weight or molar
ratio of BY, to AX from about 10:1 to about 1:10, such as
from about 3:1 to about 1:5 or from about 2:1 to about 1:2, and
with a total thickness in the range of about 10 nm to about 1.5
wm, such as from about 10 nm to about 1 um or from about 10
nm to about 300 nm. In particular, BY , and AX can be mixed
in an evaporator boat and then deposited by thermal evapo-
ration. Mixing of BY , and AX can be carried out 1n a pow-
dered form, or by forming a pre-melt of BY , and AX. In the
caseof Snl, (or SnCl,)and Csl, Snl, (or SnCl, ) can evaporate
at lower temperatures than Csl, and, therefore, a temperature
of the evaporator boat can be gradually raised as a relative
amount of Csl 1n a mixture increases.

[0079] Diilerent types of source(B) can be used, and can be
co-deposited with source(A, X) or deposited sequentially
with source(A, X). For example, BY , and B'Y", can be mixed
in an evaporator boat and deposited by thermal evaporation,
followed by deposition of AX, and so forth. Mixing of BY,
and B'Y', can be carried out 1n a powdered form, or by form-
ing a pre-melt of BY , and B'Y",, with a weight or molar ratio
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of BY , to B'Y', from about 99:1 to about 1:99, such as from
about 5:1 to about 1:5 or from about 2:1 to about 1:2. As
another example, BY ,, B'Y',, and B"Y", can be mixed in an
evaporator boat and deposited by thermal evaporation, fol-
lowed by deposition of AX, and so forth. Likewise, different
types of source(A, X) can be used, and can be co-deposited
with source(B) or deposited sequentially with source(B).

[0080] Still referring to FI1G. 5, an encapsulation material 1s
next deposited, thereby forming an encapsulation layer 504
adjacent to the precursor layer 502. The encapsulation layer
504 serves to provide protection and sealing of a resulting
luminescent material and to reduce its exposure to oxygen,
humidity, and other contaminants, thereby enhancing stabil-
ity of resulting photoluminescence characteristics. Examples
of suitable encapsulation materials include oxides, such as
silica, alumina, T10,, Ta,O., Nb,O., ZrO,, H1O,, SnO.,,
/n0,, La,0,,Y,0;, CeO,, Sc,0,, Er,0,, V0., and In,O,;
nitrides, such as S10 N, _; fluorides, such as CaF,, SrF,,
/nF,, MgF,, LaF,, and GdF,; nanolaminates, such as HIO./
Ta,0O., T10,/Ta, 0., T10,/Al, O, ZnS/Al,O,, and AI'T10; and
other suitable thin-film dielectric matenals. Additional
examples of suitable encapsulation materials include glasses,
such as borosilicate glasses (e.g., borofloat® glass and D
263™ olass), phosphate glasses, and other low melting
glasses. A thickness of the encapsulation layer 504 can be 1n
the range of about 10 nm to about 1.5 um, such as from about
50 nm to about 500 nm or from about 50 nm to about 300 nm.
In the case of a deposited layer of glass, a suitable metal can
be deposited adjacent to the layer of glass to provide a her-
metic seal, such as silver, aluminum, gold, copper, 1ron,
cobalt, nickel, palladium, platinum, ruthenium, or iridium.
Vacuum deposition, such as electron-beam evaporation, can
be used to form the encapsulation layer 504, along with the
other layers of the assembly of layers. Alternatively, another
suitable deposition technique can be used, such as sputtering.

[0081] The assembly of layers 1s next subjected to anneal-
ing to promote bonding between the layers as well as to
promote reaction according to formula (48), thereby convert-
ing the precursor layer 502 to an emission layer including a
luminescent material according to formula (1). Annealing can
be carried out using any suitable heating technique to apply
thermal energy via conduction, convection, or radiation heat-
ing, such as by heating the assembly of layers using a hot
plate, an oven, resist heating, or lamp heating. It 1s also
contemplated that thermal energy can be applied 1n accor-
dance with fast heating cycles to yield rapid thermal anneal-
ing

[0082] Resulting photoluminescence characteristics can be
dependent upon an annealing temperature and an annealing
time period. As such, an annealing temperature and an
annealing time period can be optimized to yield higher pho-
toluminescence intensities. For example, a particular one of
BY, and AX can have a lower melting point T ,, another one
of BY, and AX can have a higher melting pomnt T _ ., and an
optimal annealing temperature T, . can be greater than T, ,
and less than T, ,, such as greater than T, , and up to a
three-quarters point (1.e., (I, ,+37T, ,)/4) or a halfway point
(1.e., (T, ,+T _,)/2) between the lower melting point and the
higher melting point, although annealing can also be carried
out at higher or lower temperatures. In the case of Snl, with a
melting point of about 318° C. and CsI with a melting point of
about 620° C., an optimal annealing temperature T, __. can be
greater than about 318° C. and less than about 620° C., such
as from about 340° C. to about 420° C. or from about 350° C.
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to about 410° C. In the case of SnCl, with a melting point of
about 246° C. and CsI with a melting point of about 620° C.,
an optimal annealing temperature T, . can be greater than
about 246° C. and less than about 620° C. In some 1nstances,
an 1itial melting can arise from formation of an eutectic
between SnCl, and a reaction product of SnCl, and Csl. An
optimal annealing time period can be 1n the range of about 1
sec to about 1 hr, such as from about 5 sec to about 10 min or
from about 5 sec to about 1 min, although annealing can also
be carried out for longer or shorter time periods. Optimal
values of an annealing temperature and an annealing time
pertod can also be suitably adjusted depending upon, for
example, particular reagents used, a thickness of individual
layers within the precursor layer 502, or a total thickness of
the precursor layer 502. In some 1nstances, a reaction between
layers of reactants can occur at temperatures significantly
below melting temperatures of the reactants by way of solid
state reactions. In particular, the layers can be sufficiently thin
so that diffusion can occur within, for example, a few hundred
nanometers or less and a time period of a few seconds to a few
minutes, thereby allowing the reactants to react and to form a
luminescent material.

[0083] Referring nextto FIG. 6, a substrate 600 1s provided,
and a precursor layer 604 1s formed adjacent to the substrate
600. Certain aspects of the manufacturing method of FIG. 6
can be implemented in a similar manner as described above
for FIG. 5, and, therefore, are not further described herein.

[0084] As illustrated 1in FIG. 6, a reflector layer 602 1is
initially formed adjacent to the substrate 600, followed by
formation of the precursor layer 604 adjacent to the reflector
layer 602, and followed by formation of another reflector
layer 606 adjacent to the precursor layer 604. The pair of
reflector layers 602 and 606 serve to provide protection and
sealing of a resulting luminescent material and to reduce 1ts
exposure to oxygen, humidity, and other contaminants. In
addition, the pair of reflector layers 602 and 606 serve to
reduce loss of emitted radiation and to promote guiding of the
emitted radiation along a lateral direction.

[0085] In the 1llustrated embodiment, the formation of the
reflector layers 602 and 606 1s carried out by depositing a set
of dielectric materials using ALD or another suitable deposi-
tion technique. In particular, each of the reflector layers 602
and 606 1s implemented as a dielectric stack, including mul-
tiple dielectric layers and with the number of dielectric layers
in the range of 2 to 1,000, such as in the range of 2 to 100, 1n
the range of 30 to 90, or in the range of 30 to 80. Each
individual dielectric layer can have a thickness 1n the range of
about 1 nm to about 200 nm, such as from about 10 nm to
about 150 nm or from about 10 nm to about 100 um. Depend-
ing upon the number of dielectric layers forming the reflector
layers 602 and 606, a total thickness of each of the reflector
layers 602 and 606 can be in the range of about 100 nm to
about 20 um, such as from about 1 um to about 15 um or from
about 1 um to about 10 um. For certain implementations, a
dielectric stack can include multiple layers formed from dii-
ferent dielectric materials. Layers formed from different
materials can be arranged 1n a periodic fashion, such as 1n an
alternating fashion, or in a non-periodic fashion. Examples of
dielectric materials that can be used to form the reflector
layers 602 and 606 include oxides, such as silica, alumina,
T10,, Ta,O;,Nb,O., ZrO,, H1O,, SnO,, ZnO,, La,0,,Y,0;,
CeO,, Sc,0,, Er,0O;, V,0., and In,O,; nitrides, such as
S10_N,_; fluonides, such as CaF,, SrF,, ZnF,, MgF,, LaF,,
and GdF,; nanolaminates, such as H1O,/Ta,O., T10,/1a,0.,
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T10,/A1,0;, ZnS/Al,O,, and AI'T10; and other suitable thin-
f1lm dielectric materials. Desirably, diflerent materials form-
ing a dielectric stack have different refractive indices so as to
form a set of high index layers and a set of low index layers
that are mterspersed within the dielectric stack. For certain
implementations, an index contrast in the range of about 0.3
to about 1 or in the range of about 0.3 to about 2 can be
desirable. For example, T10, and 510, can be included 1n
alternating layers of a dielectric stack to provide a relatively
large 1ndex contrast between the layers. A larger index con-
trast can yield a larger stop band with respect to emitted
radiation, thereby approaching the performance of an ideal
omniretlector. In addition, a larger index contrast can yield a
greater angular tolerance for reflectivity with respect to 1nci-
dent solar radiation, and can reduce a leakage of emitted
radiation at larger angles from a normal direction.

[0086] The assembly of layers 1llustrated 1n FIG. 6 1s then
subjected to annealing to promote bonding between the layers
as well as to promote reaction according to formula (48),
thereby converting the precursor layer 604 to an emission
layer that 1s sandwiched between the reflector layers 602 and

606.

[0087] Referring next to FIG. 7, a retlector layer 702 1s
formed adjacent to a substrate 700, and a precursor layer 704
1s Tormed adjacent to the reflector layer 702. Certain aspects
of the manufacturing method of FIG. 7 can be implemented 1n
a similar manner as described above for FIG. 5 and FIG. 6,
and, therefore, are not further described herein.

[0088] As illustrated in FIG. 7, a spacer layer 706 1s next
tformed adjacent to the precursor layer 704, followed by for-
mation of another reflector layer 708 adjacent to the spacer
layer 706. The spacer layer 706 and the reflector layer 708
serve to provide protection and sealing of a resulting lumi-
nescent material and to reduce 1ts exposure to oxygen, humid-
ity, and other contaminants. In addition, the retlector layer
708 serves to reduce loss of emitted radiation and to promote
guiding of the emitted radiation along a lateral direction,
while the spacer layer 706 provides index matching for low
loss guiding of the emitted radiation. It 1s contemplated that
the relative positions of the reflector layer 702 and the reflec-
tor layer 708, with respect to the precursor layer 704, can be
switched for other implementations, and that the spacer layer
706 (or another similar spacer layer) and the reflector layer
708 (or another similar reflector layer) can be formed adjacent
to the substrate 700, with the spacer layer 706 (or another
similar spacer layer) providing a deposition surface for the
formation of the precursor layer 704.

[0089] In the illustrated embodiment, the formation of the
spacer layer 706 and the reflector layer 708 1s carried out by
depositing a set of materials using vacuum deposition or
another suitable deposition technique. In particular, the
reflector layer 708 1s implemented so as to be omnireflective
over a relatively wide range of wavelengths, and can be
formed by depositing a metal, such as silver, aluminum, gold,
copper, 1ron, cobalt, nickel, palladium, platinum, ruthenium,
or iridium; a metal alloy; or another suitable material having
broadband reflectivity. A thickness of the reflector layer 708
can be 1n the range of about 1 nm to about 200 nm, such as
from about 10 nm to about 150 nm or from about 10 nm to
about 100 um. As 1llustrated 1n FIG. 7, the spacer layer 706
can be formed by depositing a suitable low index material,
such one having a refractive index that 1s no greater than about
2, no greater than about 1.5, or no greater than about 1.4.
Examples of suitable low index maternials include Mgk, (re-
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fractive index of about 1.37), CaF ,, silica, alumina, and other
suitable thin-film, low index, dielectric materials. A thickness
of the spacer layer 706 can be 1n the range of about 1 nm to
about 500 nm, such as from about 50 nm to about 300 nm or
from about 10 nm to about 100 nm.

[0090] The assembly of layers illustrated in FIG. 7 1s then
subjected to annealing to promote bonding between the layers
as well as to promote reaction according to formula (48),
thereby converting the precursor layer 704 to an emission
layer that 1s sandwiched between the retlector layers 702 and
708.

[0091] Referring next to FIG. 8, a bottom substrate 800 1s
provided, and a precursor layer 802 1s formed adjacent to the
bottom substrate 800. While not illustrated in FIG. 8, 1t 1s
contemplated that either, or both, a spacer layer and a reflector
layer can be formed adjacent to the bottom substrate 800 and
can provide a deposition surface for the formation of the
precursor layer 802. Certain aspects of the manufacturing
method of FIG. 8 can be implemented 1n a similar manner as
described above for F1G. 5 through FIG. 7, and, therefore, are
not further described herein.

[0092] Asillustrated in FIG. 8, a bonding layer 804 1s next
formed adjacent to the precursor layer 802, followed by posi-
tioning of a top substrate 806 adjacent to the bonding layer
804, and followed by bonding and annealing of the assembly
of layers. The bonding layer 804 and the top substrate 806
serve to provide protection and sealing of a resulting lumi-
nescent material and to reduce 1ts exposure to oxygen, humid-
ity, and other contaminants. It is contemplated that the bond-
ing layer 804 (or another similar bonding layer) can be
formed adjacent to the top substrate 806, and then positioned
adjacent to the precursor layer 802 to achieve bonding.
[0093] In the 1llustrated embodiment, the formation of the
bonding layer 804 1s carried out by depositing an adhesive or
bonding maternal using any suitable deposition technique. In
particular, the bonding layer 804 can be formed by depositing
a thermal-curable adhesive or bonding material, such as a
glass (e.g., a spin-on glass or a sealing glass) or a polymer
(e.g., a perfluoropolymer or an epoxy-based polymer). A
thickness of the bonding layer 804 can be 1n the range of about
1 nm to about 200 nm, such as from about 10 nm to about 150
nm or from about 10 nm to about 100 um.

[0094] Bonding can be achieved using fluid pressure, a
mechanical press, or another suitable bonding technique,
along with the application of thermal energy to promote
bonding as well as to promote reaction according to formula
(48). It 1s also contemplated that bonding can be achieved
using an ultraviolet light-curable adhesive or bonding mate-
rial, rather than a thermal-curable adhesive or bonding mate-
rial. For example, a thin coating of a pre-polymer (or a set of
monomers) can be applied to a set of surfaces, and, after the
surfaces are pressed together, ultraviolet light exposure can
be applied through either, or both, of the surfaces to cure the
pre-polymer (or the monomers).

Solar Modules

[0095] FIG. 9illustrates a solar module 900 implemented in
accordance with an embodiment of the invention. The solar
module 900 includes a PV cell 902, which 1s a p-n junction
device formed from crystalline silicon. However, the PV cell
902 can also be formed from another suitable photoactive
material. As illustrated 1n FIG. 9, the PV cell 902 1s imple-
mented as a thin slice or strip of crystalline silicon. The use of
thin slices of silicon allows a reduction 1n silicon consump-
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tion, which, in turn, allows a reduction in manufacturing
costs. Micromachining operations can be performed on a
silicon wafer to form numerous silicon slices, and each of the
s1licon slices can be further processed to form PV cells, such
as the PV cell 902. As 1llustrated in FIG. 9, the PV cell 902 1s
configured to accept and absorb radiation incident upon a side
surtace 904 of the PV cell 902, although other surfaces of the
PV cell 902 can also be mvolved.

[0096] In the illustrated embodiment, the solar module 900
also includes a spectral concentrator 906, which 1s formed as
a slab having a side surface 908 that 1s adjacent to the side
surface 904 of the PV cell 902. The spectral concentrator 906
includes a set of luminescent materials as described herein,
which can be included within an emission layer to convert a
relatively wide range of energies of solar radiation 1nto a
relatively narrow, substantially monochromatic energy band
that 1s matched to an absorption spectrum of the PV cell 902.
During operation of the solar module 900, incident solar
radiation strikes a top surface 910 of the spectral concentrator
906, and a certain fraction of this incident solar radiation
penetrates below the top surface 910 and 1s absorbed and
converted into substantially monochromatic, emitted radia-
tion. This emitted radiation 1s guided laterally within the
spectral concentrator 906, and a certain fraction of this emit-
ted radiation reaches the side surface 904 of the PV cell 902,
which absorbs and converts this emitted radiation into elec-
tricity.

[0097] In effect, the spectral concentrator 906 performs a
set ol operations, mcluding: (1) collecting incident solar
radiation; (2) converting the incident solar radiation 1nto sub-
stantially monochromatic, emitted radiation near a bandgap
energy of the PV cell 902; and (3) conveying the emitted
radiation to the PV cell 902, where the emitted radiation can
be converted to usetul electrical energy. The spectral concen-
trator 906 can include distinct structures that are optimized or
otherwise tailored towards respective ones of the collection,
conversion, and conveyance operations. Alternatively, certain
ol these operations can be implemented within a common
structure. These operations that are performed by the spectral
concentrator 906 are turther described below.

[0098] Collection refers to capturing or intercepting inci-
dent solar radiation 1n preparation for conversion to emitted
radiation. Collection efficiency of the spectral concentrator
906 can depend upon the amount and distribution of a lumi-
nescent material within the spectral concentrator 906. In
some 1nstances, the luminescent material can be viewed as a
set of luminescent centers that can intercept incident solar
radiation, and a greater number of luminescent centers typi-
cally increases the collection efficiency. Depending upon the
distribution of the luminescent centers, collection of incident
solar radiation can occur 1n a distributed fashion throughout
the spectral concentrator 906, or can occur within one or more
regions of the spectral concentrator 906. The collection etfi-
ciency can also depend upon other aspects of the spectral
concentrator 906, including the ability of incident solar radia-
tion to reach the luminescent material. In particular, the col-
lection efliciency 1s typically improved by suitable optical
coupling of incident solar radiation to the luminescent mate-

rial, such as via an anti-reflection coating to reduce retlection
of incident solar radiation.

[0099] Conversion refers to emitting radiation in response
to incident solar radiation, and the efficiency of such conver-
s1on refers to the probability that an absorbed solar photon 1s
converted nto an emitted photon. Conversion efficiency of
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the spectral concentrator 906 can depend upon photolumines-
cence characteristics of a luminescent material, including 1ts
optical quantum efficiency or its internal quantum efficiency,
but can also depend upon 1nteraction of luminescent centers
with their local optical environment, including via resonant
cavity elfects. Depending upon the distribution of the lumi-
nescent centers, conversion of incident solar radiation can
occur 1n a distributed fashion throughout the spectral concen-
trator 906, or can occur within one or more regions of the
spectral concentrator 906. Also, depending upon the particu-
lar luminescent material used, the conversion efficiency can
depend upon wavelengths of incident solar radiation that are
absorbed by the luminescent material.

[0100] Conveyance refers to guiding or propagation of
emitted radiation towards the PV cell 902, and the efliciency
ol such conveyance refers to the probability that an emitted
photon reaches the PV cell 902. Conveyance elliciency of the
spectral concentrator 906 can depend upon photolumines-
cence characteristics of a luminescent maternial, including a
degree of overlap between emission and absorption spectra,

but can also depend upon 1nteraction of luminescent centers
with their local optical environment, including via resonant
cavity eflects.

[0101] By performing these operations, the spectral con-
centrator 906 provides a number of benefits. In particular, by
performing the collection operation in place of the PV cell
902, the spectral concentrator 906 allows a significant reduc-
tion 1n silicon consumption, which, 1n turn, allows a signifi-
cant reduction in manufacturing costs. In some 1nstances, the
amount of si1licon consumption can be reduced by a factor of
about 10 to about 1,000. Also, the spectral concentrator 906
enhances solar energy conversion efficiency based on at least

two eflects: (1) concentration effect; and (2) monochromatic
elfect.

[0102] In terms of the concentration effect, the spectral
concentrator 906 performs spectral concentration by convert-
ing a relatively wide range of energies of incident solar radia-
tion mto a narrow band of energies close to the bandgap
energy of the PV cell 902. Incident solar radiation 1s collected
via the top surface 910 of the spectral concentrator 906, and
emitted radiation 1s gmided towards the side surface 904 of the
PV cell 902. A solar radiation collection area, as represented
by, for example, an area of the top surface 910 of the spectral
concentrator 906, can be significantly greater than an area of
the PV cell 902, as represented by, for example, an area of the
side surface 904 of the PV cell 902. A resulting concentration
tactor onto the PV cell 902 can be 1n the range of about 10 to
about 100 and up to about 1,000 or more. For example, the
concentration factor can exceed about 10,000 and can be up to
about 60,000 or more. In turn, the concentration factor can
increase the open circuit voltage or V_ . of the solar module
900, and can vield an increase 1n solar energy conversion
eificiency of about 2 percent (absolute), or 10 percent (rela-
tive), for each concentration factor of 10 in emitted radiation
reaching the PV cell 902. For example, V_ . can be increased
from a typical value of about 0.55 V, which 1s about half the
bandgap energy of silicon, to about 1.6 V, which 1s about 1.5
times the bandgap energy of silicon. A typical solar radiation
energy flux or intensity is about 100 mW ¢m™=, and, in some
instances, a concentration factor of up to 10° (or more) can be
achieved by optimizing the spectral concentrator 906 with
respect to the collection, conversion, and conveyance opera-
tions.
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[0103] In terms of the monochromatic effect, the narrow
band radiation emitted from the spectral concentrator 906 can

be efficiently absorbed by the PV cell 902, which can be

optimized 1n terms of 1ts junction design to operate on this
narrow band, emitted radiation. In addition, by matching the
energy of the emitted radiation with the bandgap energy of the
PV cell 902, thermalization can mostly occur within the spec-
tral concentrator 906, rather than within the PV cell 902.

[0104] Aspects of Cavity Quantum Flectrodynamics can be
used to implement the spectral concentrator 906 as a micro-
cavity or a resonant cavity waveguide. The resulting resonant
cavity effects can provide a number of benefits. For example,
resonant cavity effects can be exploited to control a direction
of emitted radiation towards the PV cell 902 and, therefore,
enhance the fraction of emitted radiation reaching the PV cell
902. This directional control can 1mvolve suppressing emis-
s10n for optical modes 1n non-guided directions, while allow-
ing or enhancing emission for optical modes 1n guided direc-
tions towards the PV cell 902. In such manner, there can be a
significant reduction in loss of emitted radiation via a loss
cone. Also, resonant cavity effects can be exploited to modity
emission characteristics, such as by enhancing emission of a
set ol wavelengths that are associated with certain optical
modes and suppressing emission of another set of wave-
lengths that are associated with other optical modes. This
modification of emission characteristics can reduce an over-
lap between an emission spectrum and an absorption spec-
trum via spectral pulling, and can reduce losses arising from
self-absorption. This modification of emission characteristics
can also yield a larger exciton binding energy, and can pro-
mote luminescence via exciton emission. In addition, reso-
nant cavity effects can enhance absorption and emission char-
acteristics of a set of luminescent materials, and can allow the
use of semiconductor materials having indirect optical tran-
sitions or forbidden optical transitions. This enhancement of
absorption and emission characteristics can 1mvolve optical
gain as well as amplified spontaneous emission, such as via
the Purcell effect. In some 1nstances, the high intensity of
emitted radiation within the spectral concentrator 906 can
lead to stimulated emission and lasing, which can further
reduce losses as emitted radiation 1s guided towards the PV

cell 902.

[0105] In the illustrated embodiment, a local density of
optical states within the spectral concentrator 906 can include
both guided optical modes and radiative optical modes.
Guided optical modes can mmvolve propagation of emitted
radiation along the spectral concentrator 906, while radiative
optical modes can 1mnvolve propagation of emitted radiation
out of the spectral concentrator 906. For a relatively low
degree of vertical confinement, the local density of optical
states and emission characteristics are modified to a relatively
low degree. Increasing vertical confinement, such as by
increasing an index contrast between dielectric layers of a
dielectric stack, can introduce greater distortions in the local
density of optical states, vielding modification of emission
characteristics including directional control. Also, by adjust-
ing a thickness of an emission layer within the spectral con-
centrator 906 with respect to vertical resonance, radiative
optical modes can be suppressed. This suppression can
reduce emission losses out of the spectral concentrator 906,
while enhancing probability of lateral emission along the
spectral concentrator 906 in a direction towards the PV cell
902. For certain implementations, the emission layer can be
disposed between a pair of reflector layers so as to be sub-
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stantially centered at an anti-node position of a resonant elec-
tromagnetic wave, and the pair of retlector layers can be
spaced to yield a cavity length in the range of a fraction of a
wavelength to about ten wavelengths or more. Lateral con-
finement can also be achieved by, for example, forming
reflector layers adjacent to side edges and surfaces of the
spectral concentrator 906, which are not involved in convey-
ance of radiation.

[0106] Whenimplemented as a resonant cavity waveguide,
a performance of the spectral concentrator 906 can be char-
acterized with reference to 1ts quality or Q value, which can
vary from low to high. A relatively low QQ value can be suffi-
cient to vield improvements 1n efficiency, with a greater ()
value vielding additional improvements in efliciency. For
certain 1implementations, the spectral concentrator 906 can
have a Q value that 1s at least about 5, such as at least about 10
or at least about 100, and up to about 10° or more, such as up
to about 10,000 or up to about 1,000. In the case of a high-Q)
resonant cavity waveguide, the spectral concentrator 906 can
exhibit an exciton emission 1n which excitons interact with
cavity photons to form coupled exciton-photon quasi-par-
ticles referred as exciton-polaritons. The spectral concentra-
tor 906 can operate 1n a weak coupling regime or a strong
coupling regime, depending upon an extent of coupling
between excitons and cavity photons or among excitons 1n the
case of bi-excitons.

[0107] In the strong coupling regime, the spectral concen-
trator 906 can be implemented as a polariton laser, which can
lead to highly efficient and intense emissions and extremely
low lasing thresholds. A polariton laser can have substantially
zero losses and an efficiency up to about 100 percent. A
polariton laser 1s also sometimes referred as a zero threshold
laser, in which there 1s little or no lasing threshold, and lasing
derives at least partly from excitons or related quasi-particles,
such as bi-excitons or exciton-polaritons. The formation of
quasi-particles and a resulting modification of energy levels
or states can reduce losses arising from self-absorption. Con-
trary to conventional lasers, a polariton laser can emit coher-
ent and substantially monochromatic radiation without popu-
lation mversion. Without being bound by a particular theory,
emission characteristics of a polariton laser can occur when
exciton-polaritons undergo Bose-condensation within a reso-
nant cavity waveguide. Lasing can also occur in the weak
coupling regime, although a lasing threshold can be higher
than for the strong coupling regime. In the weak coupling
regime, lasing can derive primarily from excitons, rather than
from exciton-polaritons.

[0108] By implementing as a high-QQ resonant cavity
waveguide 1n the form of a polariton laser, the spectral con-
centrator 906 can exhibit a number of desirable characteris-
tics. In particular, lasing can be achieved with a very low
threshold, such as with an excitation intensity that 1s no
greater than about 200 mW ¢m™2, no greater than about 100
mW cm™~, no greater than about 50 mW c¢m™>, or no greater
than about 10 mW cm™=, and down to about 1 mW cm™= or
less, which 1s several orders of magnitude smaller than for a
conventional laser. Because a typical solar radiation intensity
is about 100 mW cm™, lasing can be achieved with normal
sunlight with little or no concentration. Also, lasing can occur
with a short radiative lifetime, such as no greater than about
500 psec, no greater than about 200 psec, no greater than
about 100 psec, or no greater than about 50 psec, and down to
about 1 psec or less, which can avoid or reduce relaxation
through non-radiative mechamsms. Furthermore, lasing can
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involve narrowing ol a spectral width of an emission spec-
trum to form a narrow emission line, such as by a factor of at
least about 1.5, at least about 2, or at least about 5, and up to
about 10 or more, relative to the case where there 1s a sub-
stantial absence of resonant cavity effects. For example, 1n the
case of UD930, a spectral width can be narrowed to a value in
the range of about 2 nm to about 10 nm, such as from about 3
nm to about 10 nm, when UD930 1s incorporated 1n a high-Q)
resonant cavity waveguide. A narrow emission line from las-
ing can enhance solar conversion efficiencies, as a result of
the monochromatic effect. In such manner, lasing and low
loss with distance can allow higher intensities of emissions
reaching the PV cell 902 and higher solar conversion efficien-
cies. There can be little or no measurable loss of emissions
that are guided towards the PV cell 902. With lasing, a solar
energy conversion efliciency can be up to about 30 percent or
more, such as in the range of about 20 percent to about 30
percent or in the range of about 28 percent to about 30 percent.

EXAMPLES

[0109] The following examples describe specific aspects of
some embodiments of the invention to 1llustrate and provide
a description for those of ordinary skill in the art. The
examples should not be construed as limiting the invention, as
the examples merely provide specific methodology useful in
understanding and practicing some embodiments of the
invention.

Example 1
Formation of LLuminescent Material —UID930

[0110] Samples of UD930 were formed 1n a reproducible
manner by vacuum deposition in accordance with two
approaches. In accordance with one approach, tin(Il) 1odide
and cesium(l) 1odide were evaporated 1n sequential layers,
typically up to six layers total. In accordance with another
approach, tin(II) chloride and cesium(l) 10dide were evapo-
rated 1n sequential layers, typically up to six layers total. For
certain samples, a thickness of the tin(1I) chloride-containing
layer was about 90 nm, and a thickness of the cesium(l)
1odide-containing layer was about 170 nm. Tin(II) 1odide (or
tin(II) chloride) was deposited by thermal evaporation, while
cesium(l) 1odide was deposited by electron-beam evapora-
tion. Deposition was carried out at a pressure of about 107>
Torr (or less) on a variety of substrates, including those
formed from glass, ceramic, and silicon.

[0111] Following deposition, resulting samples were
annealed 1n a glove box 1n a dry, nitrogen atmosphere to allow
a self-limiting chemical reaction between tin(Il) 1odide (or
tin(II) chloride) and cesium(l) 1odide. In the case of samples
tormed using tin(Il) chloride, annealing was also sometimes
carried out 1n air. An optimum annealing temperature was
observed to vary somewhat depending upon a particular
sample, but typically was greater than a melting point of
tin(II) 1odide at about 318° C. (or a melting point of tin(II)
chloride at about 246° C.). FIG. 10 1llustrates measured pho-
toluminescence intensity at about 943 nm plotted as a func-
tion of annealing temperature for tin(Il) 1odide/cesium(l)
iodide deposited on a silicon substrate (with native S10,),
according to an embodiment of the invention. Annealing at
temperatures at or below the melting point of tin(Il) 10dide
was observed to yield weak photoluminescence intensity,
while a strong band of photoluminescence intensities was
observed after annealing at temperatures of about 50° C.
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above the melting point of tin(II) 10dide. An optimum anneal-
ing time period was observed to vary somewhat depending
upon a particular sample and a particular substrate used. In
the case of samples formed on glass substrates, an optimal
annealing time period typically was about 15 sec. Stability of
photoluminescence was enhanced i1i the samples were stored
in a dry, nitrogen atmosphere, or were encapsulated, such as
by bonding to a glass substrate using a layer of epoxy.

Example 2
Characterization of Luminescent Material—UID930

[0112] FIG. 11(a)illustrates excitation spectra obtained for
UD930 at temperatures 1n the range of 12K to 300K, and FIG.
11(b) 1llustrates emission spectra obtained for UD930 1n the
same temperature range, according to an embodiment of the
ivention. As can be appreciated, a vanation of the peak
positions with temperature 1s similar for the excitation and
emission spectra.

[0113] A practitioner of ordinary skill 1n the art requires no
additional explanation in developing the luminescent materi-
als described herein but may nevertheless find some helpiul
guidance by examining the co-pending and co-owned U.S.
patent application Ser. No. 11/689,381 (now U.S. Pat. No.
7,641,815), filed on Mar. 21, 2007, the disclosure of which 1s
incorporated herein by reference 1n 1ts entirety.

[0114] While the mvention has been described with refer-
ence to the specific embodiments thereot, 1t should be under-
stood by those skilled 1n the art that various changes may be
made and equivalents may be substituted without departing
from the true spirit and scope of the mnvention 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 ret-
erence to particular operations performed in a particular
order, 1t 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.

What 1s claimed 1s:
1. A luminescent material having the formula:

[ASn X, X', X",-][dopant],

wherein
A 1s included 1n the luminescent material as a monovalent
cation;
X, X', and X" are selected from fluorine, chlorine, bromine,
and 10dine;
a 1s 1n the range of 1 to 3;
b 1s 1n the range of 1 to 3;
a sum of x, x', and x" 1s a+25h4; and
at least X' 1s 10dine, such that x'/(a+2b)=Vs5.
2. The luminescent material of claim 1, wherein A 1s
selected from potassium, rubidium, and cesium.
3. The luminescent material of claim 1, wherein A 1s
cesium, and a1s 1 or 2.
4. The luminescent material of claim 1, whereinb 1s 1 or 2.

5. The luminescent material of claim 1, wherein at least one
of X and X" 1s fluorine.
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6. The luminescent material of claim 1, wherein at least one
of X and X" 1s chlorine.
7. The luminescent material of claim 1, wherein at least one
of X and X" 1s bromine.
8. The luminescent material of claim 1, wherein x'/(a+2b)
=15,
9. The luminescent material of claim 1, wherein x'/(a+2b)
=%}
10. The luminescent material of claim 1, whereinais 1, and
bis 1.
11. The luminescent material of claim 1, whereinais 1, and
b 1s 2.
12. The luminescent material of claim 1, whereinais 2, and
bis 1.
13. The luminescent material of claim 1, wherein the
dopant 1s included 1n the luminescent material in an amount
less than 5 percent 1n terms of elemental composition.
14. The luminescent material of claim 1, wherein the
dopant 1s included in the luminescent material in an amount 1n
the range of 0.1 percent to 1 percent in terms of elemental
composition.
15. The luminescent material of claam 1, wherein the
dopant includes anions including oxygen.
16. The luminescent material of claim 14, wherein the
anions include at least one of O~ and OH™".
17. A method of forming a luminescent material, compris-
ng:
providing a source of A and X, wherein A 1s selected from
at least one of elements of Group IA, and X 1s selected
from at least one of elements of Group VIIB;

providing a source of B, wherein B 1s selected from at least
one of elements of Group IVB;
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subjecting the source of A and X and the source of B to
vacuum deposition to form a set of films adjacent to a
substrate; and

heating the set of films to a temperature T, . to form a
luminescent material adjacent to the substrate, wherein
the luminescent material includes A, B, and X, one of the
source of A and X and the source of B has a lower
melting point T, ,, another of the source of A and X and
the source of B has a higher melting pomnt T ., and
Loi<lhear<t iz

18. The method of claim 17, wheremn T _,<T, <(T_.,+

3T, ,)/4.

19. The method of claim 17, wheremn T, ,<T,_<(T_,+
T, ,)/2.

20. The method of claim 17, wherein the source of A and X
includes a compound having the formula AX, and the source
of B includes a compound having the formula BY ,, where Y
1s selected from at least one of elements of Group VIIB.

21. The method of claim 17, wherein subjecting the source
of A and X and the source of B to vacuum deposition includes:

subjecting the source of A and X to at least one of electron-
beam deposition and thermal evaporation; and

subjecting the source of B to thermal evaporation.

22. The method of claim 17, wherein subjecting the source
of A and X and the source of B to vacuum deposition includes:

mixing the source of A and X and the source of B to form
a mixture; and

2

subjecting the mixture to vacuum deposition to form the set
of films adjacent to the substrate.

e e S e e
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