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PRIORITY CLAIM

This application claims priority to co-pending US provisional patent application
“Solar Cell Employing Phosphorescent Materials,” serial number 62/1 15,667 filed on

Febraary 13, 2015, the content of which is herebhy incorporated by reference.

TECHNICAL FIELD
[0001] The subject matter of this invention relates to solar cells employing phosphorescent
materials, and more pavticalarly to solar cells baving a solid state absorber region that

mtegrates phosphor particles with light acceptor particles.

BACKGROUND
[0002] Converting solar energy to electricity is the one of the cleanest methods of producing
useable energy. Among the various renewable energy technologies available, solar cells hold
significant promuse. One major drawback of this technology is the lack of flexability, e.g.,
solar cells only have the ability to generate power during dayvhight hours and thus cannot
provide an uninterrupted power supply without incorporating additional components.
Another drawback is the relatively low efficiency of known devices. Hence, a solar cell with
improved efficiency that can generate power during non-daylight hours and/or that enables

efficient storage of energy generated during davlight hours is destrable,
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SUMMARY
[0003] The disclosed solution deseribes a solar cell device that has inproved efficiency m
converting hight to electrical energy and the ability to output power i the dark after a period
of excitation in light. The device incorporates a phosphorescent material within controlled
proxumity of the light absorber used in solar cells. The phosphorescent material is designed
and synthesized s0 as to match its emission wavelength with the absorplion spectrum of the
light absurber.
[0004] The aforementioned phosphorescent material comprises a donor chromophore {donor
particles} that absorbs high energy photouns of selar Hght and emits hght of low eoergy
photons over extended time periods. The transfer of energy from the phosphorescent material
to the absorber {acceptor particles) resulis in the generation of additional electron-hole pairs
i the solar cell as compared to those produced in the absence of the phosphorescent material,
and leads to an improvement in the efficiency of the solar cell. A device comprising the
energy transfer system described herein can be adapted for various solar cell technologies.
[O00S] A solid state light absorber region is provided that includes a donor-acceptor particle
structure having acceptor particles adsorbed on a large surface area of wert nanoparticles that
serve as current collectors, Upon excitation, a generation, mjection, and flow of electrons in
the solid state light absorber region results mn response to absorbed photons. Donor particles
are provided comprising a phosphorescent material that are coupled to groups of acceptor
particles such that the phosphorescent material sbsorbs high enerpy photons and emits lower
energy photons that are absorbed by the acceptor particles.
[0006] Tn a first aspect, the nvention provides a solar cell device, comprising: a solid state
light absorber region that includes a donor-acceptor particle structure having: acceptor
particles adsorbed on an inent nanoparticles current collector, which causes a flow of

clectrons m the sohid state light absorber region 1n response to absorbed photouns; and donor
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particles comprising a phosphoreseent material, wherein each donor particle s coupled to a
group of acceptor particles, and wherein the phosphorescent material absorbs high energy
photons and emits lower energy photons that are absorbed by the acceptor particles.

[0007] In a second aspect, the invention provides a dye sensitive solar cell (DSSC) device,
comprising a coumter electrode; an electralvte region; a transparent back contact; and a
transparent electrode disposed between the electrolyte region and transparent back content,
wheretn the trausparent electrode mchades a donor-acceptor particle structure having:
acceptor particles adsorbed on an inert nanoparticles current cotlector, which upon absorption
of photons, results tna flow of free elecirons in the acceptor patticles, injection of electrons
o the nert nanoparticles current collector, and transport of ijected electrons by the ment
nanoparticles current collector to the transparent back contact; and donor particles comprising
a phosphorescent material, wherein each dopor particle is coupled to a group of acceptor
particles, and wherein the phosphorescent material absorbs high energy photons and emits
lower energy photons that are absorbed by the acceptor particles.

[GO08] In a third aspect, the Invention provides a method of forming a dye sensitive solar cell
(DSSC) device, comprising: providing a first and 3 second transparent back contacty; forming
a transparent electrode on the first transparent back contact wherein the transparent elegtrode
includes a donor-acceptor particle structure having: acceptor particles adsorbed on an inert
nanoparticles current collector; and donor particles comprising a phosphorescent material,
wherein each donor particle is coupled to a group of acceptor particles, and wherein the
phosphorescent material absorbs higl energy photons and emits lower energy photons that
are absorbed by the acceptor particles; forming a counter electrode on the second transparent
back contact; and forming an electrolyte region between the counter electrode and transparent
electrode; wherein the transparent electrode forms a light absorption region, which upon

absorption of photons results in a flow of free electrons in the acceptor particles, injection of
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electrons into the inert nanoparticles currant collector and transport of injected electrons by

the inert nanoparticles current collector to the first transparent back contact.

BRIEF DESCRIPTION OF THE DRAWINGS

(00097 These and other features of this mvention will be more readidy understood from the
following detaitled description of the various aspects of the invention taken in conjunction
with the accompanying drawings in which:

[0010] Figure 1 depicts a donov-acceptor particle structure according to embodiments.
[0011] Figure 2 depicts a dye sensitive solar cell according to embodiments.

[0012] Figure 3 depicts a graph showing spectral matching of donor and acceptor particles
according to embodinents.

[0013] The drawings are not necessarily fo scale. The drawings are merely schematic
representations, not imtended to portray specific parameters of the invention. The drawings
are intended to depict only typical embodiments of the invention, and therefore shoudd not be
considered as limiting the scope of the invention. In the drawings, like numbering represents

like elements.

DETAILED DESCRIPTION
[0014] A solar cell device and associated method for forming the device are disclosed having
a solid state light absorber region or chromophore that includes coated phosphor “donor”
particles placed in close proximity 1o associated “accepior” partictes. While both types of
particles act as chromophores (hight absorbers}, the donor particles include a phosphorescent
material that absorhs high energy photons of solar light and emits Hght of low energy photons

over extended time periods. The phosphotescent material is selected so as to enable spectral
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overlap of its enussion wavelength with the absorption spectrum of the acceptor particles.
The transfer of energy from the phosphorescent material to the acceptor particles results 1n
the generation of additional electron-hole pairs in the absorber chromophore as compared to
those produced in the absence of the phosphorescent material, and leads 1o the improvement
in the efficiency of the solar celll In addition, because the phosphorescent material continues
to enit low energy pliotons even after the removal of an excitation light source {e g, the sun
in the present case), the resulting solar cell device has the ability to output power m the dark
after a period of excitation in Hght

[0013] In an illustrative ennbodinent, the donor-geceptor particle structure is implemented in
a8 solid state form with iorganic phosphor particles baving a very high phosphorescence
efficiency i which the distance between each donor particle and associated acceptor particles
15 carefully controlled to optimize energy transfer between the two. The use of inorganic
phosphorescent materials allows emission of radiation for many hours in darkened
conditions, which can be used to power a solar cell device in the absence of light.
Experimental results in a dye sensitive solar cell application show approximately a 60%
improvement in the solar cell device’s efficiency under tlununation using sinmulated sunlight
and 300 times improvement in the dark. Because the energy transfer is achieved i a sohd
state, the present approach is not restricted 1o orgamic phosphors embedded in iquad
electrolytes, such as photoelectrochemical (PEC) solar cells, but can instead be adapted fora
wide variety of known solar cells.

H3016] Referrmyg now to the drawigs, Figure 1 depicts a donor-acceptor particle structore 10
that wclodes a phosphor (donor) particle 16 having a coating or spacer 14 coupled to a group
of acceptor particles 12, The acceptor particles 12 are adsorbed on inert nanoparticles that
serve as current collectors, the structure generally being referred to as an “inert nanoparticles

current collector™ 15, When mcorporated into a solar cell device, the phosphorescent

L
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material that makes up the phosphor particle 16 is excited by high energy photons of sunlight,
which is transferred to the acceptor particles 12 1o both enhance efficiency during lighted
conditions and allow for extended periods of use {(e.g., several bours) 1 darkened conditions.
[00177 Figure 2 depicts an Hlustranive embodiment of a dye sensitized solar cell (D88C)
device 20 that employs the abovementioned donor-acceptor particle structure 10, Device 20
generally inclodes a first transparent back contact 22, a top electrode 24 (3o, anode) that

15 1o form a solid state light absorbing vegion, an electrolyie 26, a counter electvode 28
{cathode} and a second transparent back contact 30, The Hlustrative solar cell device 2048
generalty iroplemented nsiug a standard dye sensitized solar cell (DSSC) architecture, with
the additional phosphor material incorporated with the acceptor particles in the top electrode
24.

[0018] In the illustrative DSSC embodiment 20, phosphor particles 16 may for example
comprise StALO; coated with a thin laver of polyerystalline Ti0: film that forms the spacer
14. Acceptor particles 12 may for example be comprised of an absorber such as dye or
quantunm dot material adsorbed on a Ti0; nanoparticle current collector. The TiOs film (e,
spacer 14) prevents the divect contact of the phosphor material 16 with the electrolvte 26, thus
preverting the quenchung of phosphorescent signals by the jodide/triiodide or other redox
couples. The spacer 14 also serves as a barrier against direct charge tansfer between the
phosphor particle 16 and the acceptor paniicles 12, and serves as an electrical conduit for
injected electrons from the excited dye to the back contact 30 of the solar cell. Tih 15
transparent to the vistble Hight (e g, #=520 nm) enutted by the phosphor particles 16, In one
iHlustrative embodiment, the thickness of the TiQ: spacer may be in the range of 8-10 nm.
[0019] DSSC device 20 generally includes a solid dye structure formed within the top

clectrode 24 for catching photons of incoming light, which convert the energy into excited
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electrons. The excited electrons are then injected mto a conduction band of the Ti0;
nanoparticles in the electrode 24, and conducted away (upward in Figure 2} to the first
transparent back contact 22 by the layer’s TiO: nanoparticles current collector 15 (Figure 1)
Electrolyte 20 closes the circuit 32 allowing the electrons o return fo the dye within electrode
tayer 24. The movement of the electrons through the electrical crreuit 32 can be used 1o run
electrical devices and thus produce usable work. By incorporating the donor-acceptor
particle structure 10 1o the 1op electrode 24, the number of electron hole pairs 15 increased,
thus improving efficiency. Furthermore, because the phosphorescent material continues 1o
emit energy for many howrs after excitation, the device will continue to output electricity in
darkened conditions.

[0024] Although described in a DSSC embodiment, the described donor-acceptor particle
structure 10 may likewise be incorporated into other types of devices, such as quantum dot
solar cells, polymer solar cells and thin film solar cells.

[0021] In the case of a DSSC device, the following ustrative fabrication process may be
utihized, with reference to Figures 1 and 2. First, a light emutting phosphor 16 is selected,
such as a green {SroesEupoaDvoosAliOu) o blue (SryseBtenDyeorALSiOn ) emitting
phosphor having particle diameters of approximately 230 mesh and 300 mesh respectively,
Next the phosphor particles 16 are coated with 8 film (1Le., spacer) 14, This may for example
be depe by repeatedly spraying a mixtwre of (.1 M titaninm {IV) isopropoxide and 1.2 M
acetviacetonate in ethanol on the phosphor particles 16 dispersed on a silicon wafer
maintained at 400 °C. After the deposition, the particles may be annealed at 500 °C for 30
mimges {0 remove trace organics. The thickness of the coating naay be in range of &-10 am,
which may be accomplished with 40 deposition cyeles.

[0022] Ti0: nanoparticles may be prepared as a transparent TiQq paste with hydrothermal

synthests using titantam {1V} isopropoxide as the precursor. For example, the procedure may
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utihize the drop wise addition of 3.7 mL of the precursor to a beaker containing a nuxture of 1
ml of 2-propanoel, 8 ml of acetic acid, and 25 mL distilled water kept over an 1ce hath.
{0023] The mixture can then be heated at 80 °C for 25 mimutes. The entire contents can then
be ransforred to an autoclave and heated 1o a temperature of 250 °C for approximately 13
hours. The resuliing particles are repeatedly washed with distilled water, centrifuged, and
finally suspended in ethanol until frther use. Particles obtained by this procedure comprise
pure anatase phase of TiOr with an average particles size of ~20 nm. Scattenng Tich
nanoparticles may be prepared by dispersing 10 grams of P25 (Degussal powder in 30 ml of
ethanol. The nuixture may then be somcated for 30 nuinutes.

[0024] The top clectrode 24 may be fabnicated as follows. First, 8 Aoorine-doped fin oxide
coated glass (FTQO substrate — e, first transparent back contact 22} is coated with a
transparent blocking laver of Ti0:, such as the provided by SOLARONIXE, and annealed in
a fumace at S00°C for 30 minutes, which is then followed with a deposition of thick
transparent Ti0: nanoparticles. The film is then dried and coated with 150 um of paste
comaining scattering Ti0: nanoparticles and Ti0O: coated StALO«. The volumetric ratio of
Ti(h to phosphor particles may for example be in the range of approximately 10:1. The film
is then annealed at S00°C for 60 minutes to achieve a total film thickness of approximately
100 microns, Before sensitization with ruthenium dye {e.g, N719, SIGMA ALDRICHE),
the substrate is omersed in 0.02M TiCl solution for 10 minutes, and annealed agam at
450°C for 60 minutes. The resulting substrate 1s then immersed in a 0.5 mM N719 dye
dissolved tn 1.1 {v/v) ratio of acetonitrile and tert-butyl aleohol at 4°C 1o form top electrode
24

(00251 A platinum counter electrode 28 may be prepared by applving a thin coating of
chloroplatinic acid on a second FTO substrate (L.e., second transparent back contact 303,

followed by annealing at 300°C for 1 hour,
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[0026] The electrodes 24, 28 may be assembled using a 200 gm-thick hot-melt film (Surlvn
1702, SOLARNIX®) as spacer between the transparent electrode 24 and countter electrode
28. An electrolvie 26, e.g., consisting of 0.6 M PMIL, 0.05 M b, 0.65M tertbutyl pyridine
{0.04 M) and 0.025M puanidinium thiocvanate n 411 {viy) ratio of scetoniirile and
valeronitrile, may be injected through a small, predrilled hole in the counter electrode 28,
[0027] As noted herein, the emission spectra of the donor patticles should be selected to
overlap the absorption spectra of the acceptor particle to maxinize efficiency of the device,
Figure 3, for example, shows the absorption and emission spectra of N719 dye dissolved in
tert-butyl aleohol along with the emission spectra of SrALO. (dispersed on a copper foil)
recovded at room temperature at an excitation wavelength of 373 ama. The absorption
spectrum of N719 dve shows an absorption peak at 320 nm and has a good spectral overlap
with the emission range of StAl:Qq, which s necessary for efficient excitation energy
transter. SrALQOy has a broad excitation spectrum from 460-250 nm, and thus can be excited
by solar radiation. The phosphor exhibits a broad band photoluminescence (PL) with
maxinum imntensity occurring at 520 am.

[0028] The forepoing description of various aspects of the nvention has been presented for
purposes of Hustration and description. R s not wntended to be exhaustive or to hunit the
fnvention to the precise form disclosed, and obvioasly, many modifications and variations are
possible. Such modifications and variations that may be apparent to an individual in the art

are mclnded within the scope of the invention as defined by the accompanying clamns.

9
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CLAIMS

1. A solar cell device, comprising:
a sohid state Huht absorber region that includes a donor-accepior particls structure
having:
acceptor particles adsorbed on an mert ngnoparticles curvent collector, which
results i1 a flow of electrons in the solid state Light absorber region in response to
abisorbed photons; and
donor particles comprising a phosphorescent material, wherein each donor
particle is coupled 1o a group of acceptor particles, and wherem the phosphorescent
material absorbs high energy photons and enits lower energy photons that are

absorbed by the acceptor particles.

2. The solar cell device of claim 1, wherein the acceptor particles comprise an absorber

adsorbed on an inert TiO: nanoparticles current collector.

3. The solar cell device of claim I, wherem the donor particles includes a coating that

provides a spacer between cach donor particle and group of acceptor particles.

4. The solar cell device of claim 3, wherein the spacer comprises Ti(Os.

S. The solar cell device of claim 1, wherein an emission spectrum of the donor particles

overlaps with an absorption spectrum of the acceptor particles.

10



WO 2016/130761 PCT/US2016/017482

&. The solar cell deviee of claim 1, wherein the solid state light absorber region forms an

slectrade.

7. The solar cell device of claim 1 that comprises a device selected from a group consisting

of: a dye sensitive solar cell, a quantum dot solar cell, a polymer solarcell, and a thin film

solar cell,

i1
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8. A dye sensitive solar cell {DSSC) device, comprising:
a counter electrode;
an electrolyte region;
a transparent back contact; and
a transparent electrode disposed between the elecirolvte region and transparent back
content, wherein the transparent electrode inclodes a donor-acceptor particle structure having:
acceptor particles adsorbed on an inert navoparticles current collector, which
upon absorption of photons, results in a How of free electrons in the accepior
particles, nyection of electrons e the et nasoparticles current collector, and
transport of injected electrons by the mert nanopariicles current collector to the
transparent back contact; and
donor particles comprising a phosphorescent material, wherein each donor
particle 1s coupled to a group of acceptor particles, and wherem the phosphorescent
material absorbs high energy photons and emits lower energy photons that are

absorbed by the acceptor particles.

9. The DSSC device of claim 8, wherein the acceptor particles comprise a dye, quantumn dot

or other absorber matenial anchored onTiO; nanoparticles.

10, The DSSC device of clatm 8, wherein the donor particles include a coating that provides

a spacer between each donor particle and group of acceptor particles.

11, The DSSC of claim 10, wherein the spacer comprises Ti0z,
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12, The DSSC of claim 8, wherein an emission spectrum of the donor particles overlaps with

an absorption spectniun of the acceptor particles.

13, The DSSC of claim 8, wherein a volumetric tatio of acceptor particles to donor particles

is approximately 101,

B The DSSC of claim @, wherein the donor-acceptor particle structure and Ti:

nanpparticles are coated onto a subsirate,

s,
Lk
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15, A method of fornung a dye sensitive solar cell {(DSSC device, comprising:
providing a first and a second transparent back contact;
forming a transparent electrode on the first transparent back contact, wherein the
transparent electrade includes a donor-acceptor particle stracture having
acceptor particles adsorbed on an nent nanoparticles curvent collector; and
donor particles comprising a phosphorescent matenial, wherein each donor
particle is coupled 10 a group of acceptor particles, and wherein the phosphorescent
material absorbs high energy photons and emits lower energy photons that are
absorbed by the acceptor particles;
Forming a counter electrode on the second transparent back contact; and
forming an electrolyte region between the counter electrode and transparent electrode;
wherein the transparent electrode forms a light absorption region, which upon
absorption of photons results 1n a flow of free electrons in the acceptor particles, mjection of
electrons into the inert nanoparticles current collector and transport of injected electrons by

the inert nanoparticles corrent collector to the first transparent back contact.

16, The method of claim 15, wherein the acceptor particles comprise a dye adsorbed on a

Ti0: nanoparticles curent collector,

17. The method of claim 15, wherein the donor particles include a coating that provides a

spacer between each donor particle and group of accepior particles.

18 The methed of claim 17, wherein the spacer comprises Ti0Oq

14
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19, The method of claim 13, wherein an emission spectrum of the donor particles overlaps

with an ahsorption spectrum of the acceptor particles.

20, The method of claim 13, wherein a volumetric ratio of acceptor particles to donor

particles is approximately 101
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