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ABSTRACT

An up-converting electrode and a solar cell that combines the

up-converting electrode are disclosed. The up-converting
electrode comprises a material that up-converts light from
longer Wavelengths to shorter Wavelengths and an electrically
conductive material. The electrically conductive material
increases the e?iciency of the up-converting material such
that more light is up-converted. The up-converting electrode
can also serve as an electrical contact for the solar cell.

200

\
Antt-reftectton/Front Contact 206

Active Region 202
Withdraw Charge
Back
Re?ector

208 L

Ugconverttng Electrode 204

Patent Application Publication

Oct. 24, 2013 Sheet 2 0f 6

2

com

$29.:2;m

US 2013/0276877 A1

2

xom

I/Pmg

6 2%

Patent Application Publication

Oct. 24, 2013 Sheet 3 0f 6

US 2013/0276877 A1

Patent Application Publication

Oct. 24, 2013 Sheet 5 0f 6

US 2013/0276877 A1

2Em25@0.2l :
<
_
r
/

\
-\
/-

\
_))
//

a:
E501lI2x3

X;v
.

x;

:

53z

N
.

395

OESmQ8Q38m

£mc2w> Amwaoc v

Patent Application Publication

Oct. 24, 2013 Sheet 6 0f 6

_
Em\

_mow
+

@9m_v2o6b3m58

\QBFEE$Sammm_8co>6€2<M

+
mow
_

\"
=85%FmC3u:5>2Ee€?83g<m1:

US 2013/0276877 A1

Oct. 24, 2013

US 2013/0276877 A1

COMPOSITION AND METHOD FOR
UPCONVERSION OF LIGHT AND DEVICES
INCORPORATING SAME

to photons beloW its band gap. This selective absorption pro

STATEMENT OF RELATED CASES

tion cells, thus potentially achieving higher total conversion

cess continues to the ?nal cell, Which has the loWest band
gap. In this Way, multi-junction cells convert a greater range

of the sun’s energy spectrum to electricity than single-junc
[0001]

This case claims priority of US. Provisional Patent

Application 61/637,120 ?led Apr. 23, 2012, Which is incor
porated by reference herein.
FIELD OF THE INVENTION

e?iciency.
[0008] Unfortunately, the increased e?iciency of multi
junction photovoltaics comes at a price. Speci?cally, multi

junction cells require both photocurrent and lattice matching
betWeen the various semiconductor layers for high perfor
mance. Materials that satisfy these criteria are expensive and

[0002]

The present invention relates to a hybrid composi

tion With optical and electrical properties in general, and,

BACKGROUND OF THE INVENTION

[0009] Another approach to improving the e?iciency of a
solar cell is through spectral conversion. In this process, the
solar spectrum is altered to better match the Wavelength
dependent conversion ef?ciency of the solar cell. In spectral
up-conversion, tWo photons each having an energy loWer than

Pressure to use reneWable energy sources is groW

the band gap are converted to one photon having an energy

more particularly, to a material for up-converting light and

conducting current.

[0003]

require costly deposition processes.

ing. One reneWable energy source is the sun. Energy from the

above the band gap. The higher-energy photons produced by

sun can be harvested by converting sunlight to electricity

this process are directed back to the solar cell and can then be

using a photovoltaic cell or a photoelectrochemical cell. Both
such cells are commonly knoWn as “solar cells.”

[0004]

A photoelectrochemical cell includes a photoactive

semiconductor Working electrode and a counter electrode
made of either metal or semiconductors. Both of the elec
trodes are immersed in a suitable electrolyte. The materials
used as electrodes must have a suitable optical functionality
(absorption of solar energy) as Well as a suitable catalytic

functionality (for reactions such as Water decomposition).

absorbed, thereby increasing the cell’s maximum short-cir
cuit current and, consequently, its e?iciency.
[0010]

Materials suitable for use as an “up-converter” Will

emit photons having a higher energy than the photons that the
material absorbs. A tWo-step excitation process is required to
up-convert the infrared part of the solar spectrum. Materials
suitable for this process include lanthanide and transition

metal ions, quantum dots, and metal-ligand complexes.
[0011] Thus far, only lanthanide up-converters have been

ing electrochemical photovoltaic, electrochemical photocata

used in solar cells. For up-conversion from near infrared to
visible Wavelengths, the most ef?cient material knoWn is

lytic, electrochemical photoelectrolytic cells. In systems
using photocatalysis, the “catalyst” is typically either a semi

the emitter. This material absorbs light at about 980 nm and

There are several types of photoelectrochemical cells, includ

NaYF4:Yb3+, Er“, WhereinYb3+ is the sensitiZer and Er3+ is

conductor surface or an in-solution metal complex. In addi

up-converts it to green and red light (i.e., about 700 to 500

tion to producing electricity, photoelectrochemical cells can

nm). In practice, up-conversion ef?ciency is loW and to date

produce fuels (e.g., hydrogen, etc.).

most actual demonstrations have merely served as “proof-of

[0005] A basic photovoltaic cell includes an “optically
active” region in Which electricity is generated and tWo con

tacts for extracting that electricity. The optically active region

typically comprises abutting layers of n-type semiconductor
and p-type semiconductor. A single p-n junction is created at
the interface of the layers, thereby creating an electric ?eld.
[0006] When sunlight shines on either a photoelectro
chemical or a photovoltaic cell, it can be re?ected, absorbed,

or transmitted. Only the light that is absorbed in the optically

active region ultimately generates electricity. More particu
larly, only photons having an energy that is at least equal to the
band gap of the active region can free an electron from (the

semiconductor material in) that region. It is those freed elec
trons, in conjunction With electric ?eld(s) established in the
active region, Which create an electrical current. In other

Words, the photovoltaic cell can only use the portion of the
sun’s spectrum that is above the band gap of the absorbing
material; loWer-energy photons are not used. The band gap
for most photovoltaics is 1.1-1.7 eV, Which correlates to
Wavelengths in the range of about 1100 nanometers (nm) to
about 730 nm.

[0007] One Way to address the issue of the sun’s “useful”
spectrum is With a multi-junction cell. A multi-junction cell is
essentially a stack of individual single-junction cells arranged
in order of descending band-gap. Photons beloW the band gap

principle.”
[0012]

FIGS. 1A through 1E depict ?ve different con

?gurations for solar cells having up-conversion capabil

ity:
[0013] FIG. 1A depicts cell 100A, Wherein active region
102 comprises gallium arsenide and up-conversion
region 104 comprises vitroceramics.
[0014] FIG. 1B depicts cell 100B, Wherein active region
112 comprises crystalline silicon and up-conversion

region 114 comprises NaYF4:20% Er“.
[0015] FIG. 1C depicts cell 100C, Wherein active region
122 comprises amorphous silicon and up-conversion

region 124 comprises NaYF4:18% Yb“, 2% Er“.
[0016] FIG. 1D depicts cell 100D, Which is a dye-sensi
tiZed solar cell (“DSSC”) Wherein active region 132

comprises titanium dioxide and up-conversion region
134 comprises YAG 3% Yb“, 0.5% Er“.
[0017]

FIG. 1E depicts cell 100E, Which is also a dye
sensitiZed solar cell (“DSSC”) having active region 142

and a combined active/up-conversion region 144.
[0018] Cells 100A through 100D have a discrete, electri

cally-isolated layer of up-conversion material (i.e., layers

of the ?rst cell are not absorbed thereby and are transmitted to

104, 114, 124, and 134), Which is distinct from any other
functional element of the cell. In cell 100E, the up-conversion
material is not electrically isolated; rather, it is mixed With
some of the titanium oxide, forming layer 144.

second cell. The second cell absorbs the higher-energy por
tion of the remaining solar radiation and remains transparent

re?ect all emitted photons back into the cell. As previously

[0019] Back re?ectors 106 (cells 100A through 100D)
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indicated, all solar cells have contacts for extracting the elec
tricity formed in the active layer. For example, cell 100A

and an “up-converting region.” Since the “back electrode”
and the “up-converting region” are effectively one and the

includes metal contacts 108, cell 100C has ZnO contacts 118,

same, there is no need for a transparent back electrode

and cell 100E incorporates FTO (?uorine-doped tine oxide)

through Which light must pass to reach the up-converting
region, as in most prior-art up-converting solar cells. Nor is

contacts 142. In cell 100B, Which is a bifacial buried contact

solar cell, the electrical contacts (not depicted) are embedded
in grooves in active region 112. Cell 100D has transparent
front and back contacts (not depicted).
[0020] Most prior-art up-converting solar cells include a

there a need to place both contacts at the front of the cell.

[0026] A further aspect of the present invention is an ability
to improve the up-conversion performance of an up-convert

ing material by tailoring the geometry (diameter, length, and

transparent back electrode betWeen the up-converting region

shape) of the electrically conductive material (e. g., the silver

and the active region of the cell (so that light can reach the
up-converting region and then be re?ected into the active
region). This increases the cost of the solar cell, reduces the
amount of sub-band gap light that can be absorbed by the
up-converting region, and reduces the amount of up-coverted
light that can be absorbed in the active region. Some other
prior-art up-converting solar cells have both electrical con
tacts at the front of the cell, Which limits the absorption of
incident light. Up-converting solar cells are discussed in de

nanoWires).

Wild, et al., “Upconverter Solar Cells: materials and applica
tions,”Energy Environ. Sci, v4, 4835-4848 (201 1); GhoZati et
al., “Improved Fill-factor for the Double-Sided Buried-Con
tact Bifacial Silicon Solar Cell,” Solar Energy Materials and

Solar Cells, v51, 121-128 (1998); Liu et al, “Enhancing Near

Infrared Solar Cell Response Using Upconverting Transpar
ent Ceramics,” Solar Energy Materials and Solar Cells, v95,
800-803 (2011); Shan et al., “The Hidden Effects of Particle
Shape and Criteria for Evaluating the Upconversion Lumi
nescence of Lanthanide Doped nanophosphors,” J. Phys.
Chem., v114, 2452-2461 (2010); and Wang et al., “Rare
Earth Ion Doped Upconversion Materials for Photovoltaic

Applications,”Adv. Mall, v23, 2675-2680.
[0021] The art Would therefore bene?t from improvements
in the structure and performance of up-conversion materials.
For solar cell applications, this Would increase the e?iciency
of such cells and reduce their cost relative to prior-art solar
cells.

BRIEF DESCRIPTION OF THE DRAWINGS

[0027] FIG. 1A depicts solar cell 100A in the prior art.
[0028] FIG. 1B depicts solar cell 100B in the prior art.
[0029] FIG. 1C depicts solar cell 100C in the prior art.
[0030] FIG. 1D depicts solar cell 100D in the prior art.
[0031] FIG. 1E depicts solar cell 100E in the prior art.
[0032] FIG. 2 depicts solar cell 200 in accordance With the
illustrative embodiment of the present invention.

[0033]

FIG. 3 depicts a micrograph of NaYF4:Yb3+, Er3+

nanoparticles, Which provide the up-converting functionality
in conjunction With the present invention.
[0034] FIG. 4 depicts a micrograph of silver nanoWires,
Which provide electrical conductivity and enhancement of

up-converting functionality in conjunction With the present
invention.

[0035] FIGS. 5A-5C depict, at various magni?cations,
micrographs of an up-converting electrode in accordance
With the present teachings.
[0036] FIG. 6A depicts a spray deposition apparatus for
forming the up-converting electrode of FIG. 5.
[0037] FIG. 6B depicts a method for forming the up-con
verting electrode of FIG. 5 using the apparatus of FIG. 6A.
[0038] FIG. 7 depicts a plot of intensity versus Wavelength

comparing the up-conversion performance of NaYF4:Yb3+,
Er3+ nanoparticles alone and When combined With silver

SUMMARY OF THE INVENTION

[0022]

The present invention provides an up-converting

material that has dual functionality: it functions as an optical

nanoWires.
[0039] FIG. 8 depicts a method for forming a photovoltaic

that incorporates an up-converting electrode.

up-converter as Well as an electrical conductor/ contact. That

is, the up-converting layer or region has both optical proper

DETAILED DESCRIPTION

ties and electrical properties. For that reason, the up-convert
ing material disclosed herein is referred to as an “up-convert

[0040] FIG. 2 depicts notional solar cell 200 in accordance
With the illustrative embodiment of the present invention.

ing electrode.”

Cell 200 includes optically active region 202, up-converting

[0023] The up-converting electrode disclosed herein com
prises a hybrid ?lm that includes an up-converting material
and an electrically conductive material. In the illustrative

back re?ector 208.

embodiment, the up-converting material comprises NaYF4:
Yb“, Er3+ nanoparticles and the electrically conductive

conductor material used in photovoltaic cells or in the photo
active Working conductor of a photoelectrochemical cell. For

material comprises silver (Ag) nanoWires. In addition to (or as
an aspect of) its electrical functionality, the silver nanoWires

example, and Without limitation, in various embodiments,
optically active region 202 comprises hydrogenated amor

signi?cantly increase the up-conversion ef?ciency of the lan
thanide-based up-converting material.

phous crystalline silicon, polycrystalline silicon, nanocrys

electrode 204, anti-re?ection layer/front contact 206, and

[0041]

Optically active region 202 can comprise any semi

talline silicon, cadmium telluride, copper-indium-gallium

[0024] Among other technological applications, incorpo

selenide, copper-indium-gallium-diselenide, copper-indium

rating the up-converting electrode into a solar cell (either

disul?de, III-V compound semiconductors (e.g., InP, GaN,
InN, InGaN, InGaAs, InGaAsP, InGaP, InGaAlAs, etc.), II
VI compound semiconductors (e.g., HgCdTe, ZnSe, CdS,
CdSe, CdZnTe, HgCdTe, Cu2ZnSnS4, etc.), ternary com
pound semiconductors, quaternary compound semiconduc

photovoltaic or photoelectrochemical) provides a Way to
increase its ef?ciency Without some of the disadvantages of
the prior art.
[0025] The illustrative embodiment of present invention is
a photovoltaic solar cell that includes the up-converting elec
trode. In the illustrative embodiment, the up -converting elec
trode provides the functionality of both a “back electrode”

tors, organic semiconductors, and the like.
[0042] The band gap for most of the semiconductors used
in the optically active region is in the range of about 1.1-1.7
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eV, Which correlates to Wavelengths in the range of about
1 100 nanometers (nm) to about 730 nm. The correspondence
of electrical band gap and band gap Wavelength is de?ned by
the relation EgIhc/Kbg, Where E8 is the energy band gap, h is
Planck’s constant, c is the speed of light in vacuum, and kbg is
the bandgap Wavelength. As one skilled in the art Will recog
niZe, a solar cell having a bandgap Wavelength of 710 nm, for

[0049]

In the illustrative embodiment, the electrical func

tion is provided by silver (Ag) nanoWires, Which enable the
up-converting electrode 204 to serve as one of the electrical

contacts of the solar cell. Ag nanoWires are knoWn in the art

for forming transparent electrodes. See, Hu, et al., “Scalable

Coating and Properties of Transparent, Flexible, Siver
NanoWire Electrodes,” ACS Nano vol. 4, no. 5, p2955-63,

example, Will have good absorptivity for light having Wave

(2010).

lengths less than approximately 700 nm. Absorptivity for
light having Wavelengths longer than 700 nm falls off rapidly,

[0050] Those skilled in the art Will recogniZe that a solar
cell, such as solar cell 200, includes other layers/features,

so that much of the sunlight’s energy spectrum is “Wasted.”
[0043] The thickness of the optically active region varies as
a function of its composition and type, but is typically in the
range of about 1 micron to about 500 microns.

usually, an anti-re?ection layer, and other packaging related
layers/ features. Layers/ features that are situated “above”
active region 202 are collectively referenced “anti-re?ection/

such as a front-side or top electrical contact/electrode and,

[0044] Up-converting electrode 204 comprises a hybrid

front contact 206”. The front electrical contact provides one

“?lm” of (a) an up-converting material and (b) an electrically
conductive material. In the illustrative embodiment, the up
converting material and the electrically conductive material
have nanoscale dimensions. More particularly, the up-con
verting material is in the form of a “nanoparticle” and the

of the tWo electrical contacts required for solar cell 200 (up
converting electrode 204 is the other contact in the illustrative
embodiment). That is, the front electrical contact and up
converting electrode 204 create electrical connectivity to

electrically conductive material is in the form of a “nanorod”
or “nanoWire” or “nanotube”. As used herein, the term “nano

particle” refers to particles, Which typically but not necessar
ily have a polygonal shape, and a largest dimension of less
than about 500 nm. As used herein, the terms “nanoWire” or
“nanorod” or “nanotube” refer to structures that have a diam
eter that is less than about 500 nm and a length up to about 50

microns. In presently preferred embodiments of the present
invention, the nanoWire Will have diameter in the range of
about 50 to 100 nm and a length in the range of about 10 to 20

microns.

[0045] In some embodiments, the up-converting material
comprises a lanthanide. In the illustrative embodiment, the

optically active region 202 and provide the contact points for
Withdrawing charge from the solar cell 200.
[0051] The ability to couple light into or out of a device
often depends upon the characteristics of an anti-re?ection

layer (a.k.a.,AR coating) that is disposed on the surface of the
device. In solar cell 200, the anti-re?ection layer ameliorates
the effect of a relatively large mismatch that normally exists
betWeen the refractive indices of the semiconductor (optically

active layer 202) and air, Which otherWise results in high
re?ectivity at the interface of the tWo materials.
[0052] Back re?ector 208 is disposed “behind” or
“beneath” up-converting electrode 204 to prevent light from
escaping from the bottom of cell 200. In some embodiments,
back re?ector 208 is a layer of silver having a thickness of

up -converting material is NaYF4zYb3 +, Er3 + nanoparticles. In

approximately 100 nm. Silver provides high re?ectivity for

some other embodiments, other host lattices for the lan
thanide (e.g., Er3+, etc.) are used, such as oxides or other
?uorides. In yet some additional embodiments, the up-con

light having a Wavelength Within the range of interest for mo st
solar cells. But in some alternative embodiments, back-re
?ector 208 comprises a re?ective layer other than silver.

verting materials includes metallated macrocyles in polymer

Back-re?ector 208 is formed using conventional metal depo

hosts or encapsulated in polymer beads.
[0046] In some embodiments, the electrically conductive
material comprises a metal, such as, Without limitation, cop
per, silver, or gold. In the illustrative embodiment, the elec

sition techniques.

trically conductive material comprises silver (Ag) nanoWires
or nanorods. In some further embodiments, the electrically
conductive material is a carbon nanotube.

[0047]

The thickness of the hybrid ?lm is typically in the

range of about 500 nm to 1 micron. In some embodiments, the

up-converting material and the electrically conductive mate
rial are supported on a substrate, such as glass, plastic, etc.

[0048] Up-converting electrode 204 is (at least) bi-func

[0053]

As Will be appreciated by those skilled in the art, still

additional features/ layers may be present in a solar cell such
as solar cell 200. Neither such additional features/layers, nor
anti-re?ection layer/front contact 206, nor back-re?ector 208
are described further because they are not germane to an

understanding of the present invention. It Will be clear to one
skilled in the art hoW to specify, make, and use these features.

[0054] FIG. 3 depicts a micrograph of hexagonal phase
NaYF4:Yb3+, Er3+ nanoparticles, such as form a portion of
up-converting electrode 204. FIG. 4 depicts a micrograph of
silver nanoWires, Which also form a portion of up-converting

tional in the sense that it is capable of providing an optical
(up-converting) function and an electrical (conductivity)

electrode 204.

function. Regarding the optical function, up-converting elec
trode 204 absorbs photons that have passed through optically

magni?cations, of an up-converting electrode in accordance
With the illustrative embodiment of the present invention. The

active region 202 as a consequence of those photons having

micrographs shoW the presence of Ag nanoWires, Which
appear as slender sticks/rods/Wires and NaYF4:Yb3+, Er3+
nanoparticles. In FIG. 5A, Which is at the loWest magni?ca

an energy that is less than the band gap of the semiconductor

material in the active region. The up-conver‘ting material
emits photons having higher energy than those it absorbed.
The emitted photons are directed to optically active region
202 Where they Will be absorbed to the extent that they have an

energy that is above the band gap. Only those photons
absorbed in optically active region 202 participate in the
generation of electricity from a solar cell.

[0055]

FIGS. 5A through 5C depict micrographs, at various

tion, individual nanoparticles are barely discernable and can
be seen to “clump” together to form irregular shapes. At
double the magni?cation of FIG. 5A, discrete nanoparticles
are more readily visible in FIG. 5B. And in FIG. 5C, Which is

at double the magni?cation of FIG. 5B, the polygonal shape
of the nanoparticles is discernable.
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[0056] FIG. 6A depicts apparatus 600A for forming an
up-converting electrode and FIG. 6B depicts method 600B

[0064]

In some other embodiments, different apparatuses

and methods are used to form the up-converting electrode.

for forming the up-converting electrode using apparatus

For example, doctor-blading and inkjet printing techniques

600A.

and apparatuses can be used to deposit the electrically con

[0057]

Referring to FIGS. 6A and 6B, apparatus 600A is a

ductive material (e. g. , Ag nanoWires, etc.) and the up-convert

spray deposition apparatus that, in the illustrative embodi

ing nanoparticles on to a substrate to form an up-converting

ment, is used to form up-converting electrode 204. The spray
deposition process and apparatuses for spray deposition are
Well knoWn to those skilled in the art. The salient features of

electrode. Any technique used for depositing colloidal nano
structures, as knoWn to those skilled in the art, can suitably be
used.

spray deposition apparatus 600A include spray chamber 602,
temperature-controlled movable stage 604, and spray noZZle

EXAMPLE

606.

[0058]

Spray deposition takes place in chamber 602 under

air, nitrogen, or other inert gas. Substrate 608 is placed in
chamber 602 on movable stage 604. The substrate can be, for
example and Without limitation, glass, such as 0.15 mm

[0065] Ag nanoWires (from Seashell Technologies) having
an average length of about 10 microns and an average diam
eter of about 50 nanometers Were spray deposited onto 25 mm
square, 0.15 mm thick glass substrates. The deposited nanoW

ires Were then laser annealed. Hexagonal-phase NaYF4: 18%

thick><25 mm square glass commercially available from
Warner Instrument Corporation of Hamden, Conn. or others.

Yb“, 2% Er3+ nanoparticles Were synthesiZed via techniques

The substrate temperature can be in a range from about room

The particles Were dispersed in cyclohexane, as a carrier ?uid,
at a concentration of about 5 mg of nanoparticles per milliliter
of carrier ?uid. The nanoparticles Were then spray deposited
on the Ag nanoWires that had been deposited on the substrate,

temperature to about 200° C.

[0059] In accordance With operation 601 of method 600B,
the electrically conductive material, Which in the illustrative
embodiment is Ag nanoWire, is sprayed onto substrate 608.
For the spraying process, the nanoWires are dispersed in a
carrier ?uid, such as isopropyl alcohol. To create a uniform,
?at ?lm on the substrate, substrate 608 is moved past spray
noZZle 606 by movable stage 604 as the conductive material is

discussed in Li et al., Adv. Mater, v20, 4765-4769 (2008).

forming a ?lm (i.e., the upconverting electrode) containing
both up-converting particles and electrically conductive
material. For comparison With the up-converting electrode,

hexagonal-phase NaYF4:18% Yb“, 2% Er3+ nanoparticles
Were sprayed deposited on substrates that did not include any

being sprayed. Ag nanoWires are commercially available
from Seashell Technologies of La Jolla, Calif. and others.
[0060] After spray depositing the electrically-conductive
material in operation 601, the resulting ?lm of conductive

Ag nanoWires. Also, for electrical measurements, substrates

material is (optionally) annealed (e.g., such as via laser

sans up-converting material Were characterized electrically

annealing, etc.) to increase electrical conductivity in optional
operation 603.

up-converting material sans Ag nanoWire Were characteriZed

[0061] After annealing (if performed), the up-converting
material is sprayed onto the the ?lm of electrically-conduc
tive material that has been formed on substrate 608, as per

operation 605. In the illustrative embodiment, the up-convert
ing material is NaYF4:Yb3+, Er3+ nanoparticles, Which can be
synthesiZed via knoWn techniques. See, e.g., Li et al., Adv.

Mater, v20, 4765-4769 (2008). For spraying, the up-convert
ing nanoparticles are dispersed in a carrier ?uid, such as

cyclohexane. During the spraying operation, substrate 608 is
moved past spray noZZle 604.
[0062] Control parameters for obtaining a uniform, ?at ?lm
of up-converting material and electrically conductive mate

rial on the substrate (i.e., the up-converting electrode)

include: rastering velocity and patterns (of the substrate),
substrate temperature, nanoparticle/nanoWire injection rate,
noZZle-to-substrate distance, and spray pressure. And these

Were prepared With only Ag nanoWires (no up-converting

nanoparticles).
[0066]

The up-converting electrode and the Ag nanoWires

using a four-point probe. The up-converting electrode and the
optically using a 980 nm laser diode for excitation (300 mW).
The up-converted light Was characterized using a spec

trograph (150 blaZe grating) and CCD.
[0067] The emission spectra for up-converted light gener
ated from the up-converting material alone (“dashed” line)
and for the up-converted light generated from the up-convert
ing electrode (“solid” line) are depicted in FIG. 7. The up
converting material used (Whether alone or combined With
the electrically conductive material) up -converts 980 nm pho
tons to red and green light (i.e., about 700 to about 500 nm).

[0068] As depicted in FIG. 7, the up-converting electrode
(i.e., the combination of up-converting material and the elec
trically conductive material) increases the amount of up-con
verted photons, relative to using the upconverting material
alone, by a factor of 4 to 5.

same parameters can be adjusted to obtain a desired ?lm

[0069] Furthermore, it has been observed that the presence
of the electrically conductive material enables up-conversion

thickness and particle distribution on the substrate, as deter

to occur at loWer poWer densities. It Was determined experi

mined by simple experimentation.

mentally that up-conversion emission occurs at about 2.5x
loWer density for the up-converting electrode as compared to

[0063] In some alternative spray-deposition systems, spray
noZZle 604 is movable While substrate 608 remains immobile.

Furthermore, although the presently preferred technique is to
deposit the electrically conductive material ?rst and then the
upconverting material, in some other embodiments, the up
converting material is deposited before the electrically con
ductive material. And in some further embodiments, the up

converting material and the electrically conductive material
are deposited at the same time (through different noZZles or
the same noZZle).

upconverting material alone.
[0070] The sheet resistance of the Ag nanoWire ?lm (With
out up-converting material) Was 6.0 +/—1.7 ohms/ square. The
sheet resistance of a ?lm that included both the Ag nanoWires
and the up-converting material Was 6.5 +/—1 .1 ohm/square.
Electrical conductivity can be further increased (i.e., resis

tance decreased) by increasing the density of the electrically
conductive material in the ?lm; that is, for example, having
more Ag nanoWires present in the ?lm.
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[0071]

Without being bound to any particular theory, it is

believed that one of the following tWo mechanisms, and pos

sibly both, contribute to the ability of the electrically conduc
tive material to enhance up-conversion ef?ciency.

[0080] At operation 805, a top electrode is formed on the
active region in knoWn fashion.
[0081] Those skilled in the art Will recogniZe that additional
features (e.g., one or more anti-re?ection layers, a back

One mechanism that is believed to enhance up-con

re?ector, etc.) as previously mentioned is normally part of a

version is increased light scattering. In particular, it is theo
riZed that the nanoWires increase light scattering, Which leads
to a longer path length for the incident infrared (sub band gap)

solar cell, such as solar cell 200. These features Would, of
course, be formed at the appropriate time during fabrication

[0072]

light. This increases the likelihood that such sub band gap
light Will interact With the up-converting material and be

up-converted.

of solar cell 200. Those skilled in the art Will knoW hoW and
When to form such features in conjunction With the fabrica
tion of solar cell 200. Such operations are not depicted in the
draWings or recited in the claims because they are not ger

[0073] To evaluate this theory, measurements of the “haze”
of the up-converting electrode versus up-converting material

mane to the present invention.

alone Were obtained. The parameter “percent haZe” Was
determined, Which is the fraction of diffuse transmission over
total transmission; it indicates hoW Well a ?lm scatters light.
The measurement Was performed using a spectrometer With

the art Will be able to form a photoelectrochemical cell that
includes an up-converting electrode.

With the present teachings possesses an electrical conductiv

an integrating sphere attachment (Cary 6000i With DRA).
[0074] The percent haZe for the up-converting electrode

ity that enables it to serve as an electrode in a solar cell (or
other applications), it need not function as such. That is, as

varied from a maximum of about 17% (400 nm light) to a

previously discussed, the presence of the up-converting elec

minimum of about 10.5% (700 nm light). The percent haZe
increased approximately linearly above 700 nm to about
11.5% at 1200 nm. The percent haZe for the up-converting
material alone (NaYF4:Yb3+, Er“) Was fairly constant at
about 2.5% from 400 to 1200 nm. This result (greater haZe for

the up-converting electrode versus the up-converting material

alone) is consistent With the proposed theory.
[0075]

Furthermore, the observed enhancement in up-con

verting performance might be plasmonic in nature. Plasmons
are oscillations of electrons in a metal. These oscillations can

be due to the interaction of the electrons With light. The
nano-structures (e.g., Ag nanoWires) can act as “antennas” to
concentrate the intensity of light in the near ?eld. In the
up -converting electrode, the plasmon resonance of individual

Ag nanoWires might overlap With either the absorption or
emission bands, or both, of the up-converting nanoparticles.
More particularly, the absorption of loWer energy photons
Would be improved by concentration of the excitation ?eld
and emission of up-converted photons Would be improved by
coupling to radiative transitions.

[0076] The frequency of plasmon resonance is highly
dependent on the geometry (e. g., diameter, length, shape) of
the metal nanostructure (e.g., the Ag nanoWires, etc.). As
such, small changes in nanoWire geometry can be used to
“tune” the plasmon resonance; that is, to increase the overlap

With Yb3+ absorption and Er3+ emission, thereby enhancing
up-conversion. As such, theoretical predictions (e.g., scatter
ing cross section of the nanoWires; extinction cross section as

function of nanoWire length and the Wavelength of the inci

dent light, etc.) can form the starting point for experimenta
tion to optimiZe nanoWire geometry for a speci?c up-conver

sion material, such as NaYF4:Yb3+, Er”.
[0077] FIG. 8 depicts method 800 for forming a photovol
taic cell, such as cell 200 depicted in FIG. 2.
[0078] In accordance With operation 801 of method 800, an

up-converting electrode is formed. This is accomplished, for
example, using method 600B and apparatus 600A.
[0079] In operation 803, the active region of the solar cell is
formed on the up-converting electrode. The details of this

[0082]
[0083]

After reading the present disclosure, those skilled in
Although an up-converting electrode in accordance

trode in a solar cell can be justi?ed solely based on its ability
to enhance the up-conversion process. Its use as an electrode/

electrical contact is an ancillary bene?t. As such, it is con

templated that in some embodiments, solar cells that include
the up-converting electrode Will also include a separate elec

trical contact feature/layer. In such cells, the up-converting
electrode Will only serve an optical (up-converting) function.
As such, the Word “electrode” in the moniker “up-converting
electrode” is not intended to be limiting or otherwise require
the up-converting electrode to function as an electrode/elec
trical contact, Whether it is used in a solar cell or for any other

application.
[0084] It is to be understood that the disclosure teaches just
one example of the illustrative embodiment and that many
variations of the invention can easily be devised by those
skilled in the art after reading this disclosure and that the
scope of the present invention is to be determined by the

folloWing claims.
What is claimed is:

1. An article comprising an up-converting electrode,

Wherein the up-converting electrode comprises:
a ?rst material that is electrically conductive; and
a second material that is capable of up-converting light
having a Wavelength greater than about 730 nanometers
to light having a Wavelength that is less than 730 nanom
eters, Wherein the ?rst material and the second material
are in contact With one another forming a hybrid ?lm.
2. The article of claim 1 Wherein the ?rst material is in a
form of a nanoWire.

3. The article of claim 1 Wherein the ?rst material com

prises silver.
4. The article of claim 1 Wherein the second material com
prises a lanthanide.
5. The article of claim 1 Wherein the second material com

prises a lanthanide nanoparticle.
6. The article of claim 1 Wherein the second material is

NaYF4:Yb3+, Er3+ nanoparticles.
7. The article of claim 1 Wherein the ?rst material com

operation (Which Will include several sub-operations) is a

prises silver nanoWire and the second material comprises

function of the semiconductor materials used for the active

NaYF4:Yb3+, Er3+ nanoparticles.

region and the type of solar cell being fabricated. It is Within
the capabilities of those skilled in the art to form the active

8. The article of claim 1 Wherein the up-converting elec
trode further comprises a substrate, Wherein the hybrid ?lm is

region of the solar cell.

disposed on the substrate.
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9. The article of claim 1 wherein the article is a selected

from the group consisting of a photovoltaic cell and a photo
electrochemical cell.
10. An article comprising:

an up-converting electrode, the up-converting electrode

including:

(i) a ?rst material that is electrically conductive; and
(ii) a second material that is capable of up-converting
light having a Wavelength greater than about 730
nanometers to light having a Wavelength that is less
than 730 nanometers, Wherein the ?rst material and
the second material are in contact With one another

(i) a ?rst material that is electrically conductive; and
(ii) a second material that is capable of up-converting light
having a Wavelength greater than about 730 nanometers
to light having a Wavelength that is less than 730 nanom
eters, Wherein the ?rst material and the second material

forming a hybrid ?lm; and
b) forming an optically active layer on the up-converting
electrode, Wherein the optically active layer comprises a

are in contact With one another forming a hybrid ?lm;
and

ing an up-converting electrode further comprises spray

an optically active region, Wherein the optically active
region absorbs photons having a Wavelength less than

semiconductor.
14. The method of claim 13 Wherein the operation of form
depositing the ?rst material on a substrate and spray depos
iting the second material on the ?rst material.
15. The method of claim 13 Wherein the ?rst material is in

about 730 nanometers and generates an electrical cur

the form of a nanoWire.

rent therefrom, Wherein the optically active region is
disposed on the up-converting electrode.

comprises silver.

11. The article of claim 10 Wherein the photovoltaic cell
further comprises a top electrical contact, Wherein the top
electrical contact is disposed on the active region.
12. The article of claim 11 Wherein the top electrical con
tact functions as one electrical contact of the article, and the
upconverting electrode functions as another electrical contact
of the article, such that other electrical contacts are required.

13. A method comprising:

a) forming an up-converting electrode, the up-converting
electrode including:

16. The method of claim 13 Wherein the ?rst material

17. The method of claim 13 Wherein the second material is
a lanthanide.

18. The method of claim 17 Wherein the second material

comprises lanthanide nanoparticles.
19. The method of claim 18 Wherein the second material is

NaYF4:Yb3+, Er3+ nanoparticles.
20. The method of claim 13 Wherein the ?rst material

comprises silver nanoWire and the second material comprises

NaYF4:Yb3+, Er3+ nanoparticles.
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