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DYE-SENSITIZED SOLAR CELL BASED ON
INDIRECT CHARGE TRANSFER

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a dye-sensitized solar cell
that converts solar energy to electric energy, and more
particularly, to dye-sensitized solar cells that include ultra-
fine semiconductor fibers sensitized with more than one light
absorption materials.

2. Description of the Related Art

Dye-sensitized solar cell (DSSC) is a non-conventional
photovoltaic technology that attracted much attention due to
its cost-effectiveness in harvesting solar energy with appeal-
ing properties such as flexibility, transparency, and adapt-
ability in large-area devices. The operating principle of
DSSC is illustrated in FIG. 12. Upon illumination, the dyes
adsorbed onto the metal oxide semiconductor (usually TiO,)
are sensitized to the exited state (S*) by light absorption
right at the interface and they dissociate readily to create an
electron-hole pair, with electrons subsequently injected into
the conduction band of the semiconductor while the holes,
at least initially, remain on the sensitizers. The dye ground
state (S) is then regenerated by electron donation from the
redox system to the oxidized state of the sensitizer (S*). The
recuperation of redox system is realized by transporting
holes to the counter electrode either in diffusion or hopping
mechanism (depending on the transporting mediator). The
whole process is finally completed by electron migration via
the outer circuit and the device generates electric power
from light without chemical transformation.

For decades, DSSC have become one of the most efficient
and stable excitonic solar cells. A central feature of this
device is utilizing photosensitizing dye that harvests light
and generates excitons. In order to achieve high power
conversion efficiency based on I7/I;~ redox couple system
which would be competitive with conventional silicon solar
cells, DSSC must absorb as much as 80% of solar spectrum
with wave length between 350 and 900 nm. While the
traditional ruthenium-based dyes exhibit relative broad
adsorption spectrum, it has difficulty in further improving its
Power Conversion Efficiency (PCE) due to its low molar
extinction coefficients.

Organic dyes, such as metallophthalocyanines (MPcs),
shows higher molar extinction coefficient (100,000M~!
cm™), however, they have narrow absorption bandwidth.
Complementally, dye cocktails or co-sensitization has been
proposed to enhance the light absorption and extend the
absorption spectrum. However, it has achieved only limited
success to-date. This is probably due to (i) inferior injection
efficiency caused by intermolecular interactions between
dyes; (ii) confined surface areas of the photoanode for dyes
to be absorbed. Considerable efforts have been made to
solve these problems, one option is to separate the adsorp-
tion sites on TiO,, which means achieving the proper
position of each dye on the desired site, however, there is
difficulty in realizing such a concept.

Recently, there have been some efforts on the use of
Forster resonance energy transfer (FRET) in DSSC to
enhance the light harvesting where an unattached, highly
luminescent donor dye was inside the electrolyte to absorb
high energy photons and efficiently transfer the energy to the
anchored near-infrared acceptor dye. Unfortunately, I;~ in
the electrolyte was found to partially quench the fluores-
cence of the donors, therefore only limited improvement in
device performance can be achieved with such approach.
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In view of the deficiencies of the conventional dye-
sensitized solar cells, there is an increasing demand for high
efficiency solar cells that are capable of harvesting a broader
range of solar energy with improved power conversion
efficiency.

SUMMARY OF THE INVENTION

According to one aspect, the present invention provides a
dye-sensitized solar cell that includes an electrode having a
semiconductor nanoparticle layer dispersed on a transparent
conductive substrate, a plurality of semiconductor nanofi-
bers dispersed on the nanoparticle layer, a first light absorp-
tion material is attached to the plurality of semiconductor
nanofibers in which the first light absorption material having
a first light absorption bandwidth, and a second light absorp-
tion material deposited on the first light absorption material
of the plurality of semiconductor nanofibers, the second
light absorption material having a second light absorption
bandwidth complementary to the first light absorption band-
width, a counter electrode includes a metal-coated transpar-
ent conductive substrate, and an electrolyte in contact with
the second light absorption material and the counter elec-
trode.

According to another aspect, the present invention pro-
vides a method of producing an electrode of a dye-sensitized
solar cell, the method includes preparing a transparent
conductive substrate, dispersing a plurality of semiconduc-
tor nanoparticles on the transparent conductive substrate,
dispersing a plurality of semiconductor nanofibers on the
semiconductor nanoparticle layer, sensitizing the semicon-
ductor nanofibers with a first light absorption material in
which the light absorption material having a first light
absorption bandwidth, and depositing a second light absorp-
tion material on the first light absorption material, the second
light absorption material having a second light absorption
bandwidth complementary to the first light absorption band-
width.

According to yet another aspect, the present invention
provides a method of producing an electrode of a dye-
sensitized solar cell, the method includes dispersing a plu-
rality of semiconductor nanoparticles, dispersing a plurality
of semiconductor nanofibers on the semiconductor nanopar-
ticle layer, sensitizing the semiconductor nanofibers with a
first light absorption material in which the light absorption
material having a first light absorption bandwidth and an
energy level higher than that of a conduction band of the
semiconductor nanofibers, and depositing more than one
light absorption materials, successively, in form of a shell
structure on top of a preceding light absorption material,
with each successive light absorption material having a
higher energy level than the light absorption material in the
preceding light absorption material.

Further features and aspects of the present invention will
become apparent from the following description of exem-
plary embodiments with reference to the attached drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings, which are incorporated in
and constitute a part of the specification, illustrate embodi-
ments of the invention and, together with the description,
serve to explain the principles of the invention.

FIG. 1 illustrates a schematic of a semiconductor nano-
fiber dye-sensitized solar cell (DSSC) in accordance with
one embodiment of the present invention.
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FIG. 2a schematically illustrates a recombination process
in DSSC without CuPc deposition.

FIG. 2b schematically illustrates a recombination process
in DSSC with CuPc deposition.

FIG. 3a illustrates the holes transfer process in DSSC with
N719/CuPc sensitized TiO, nanofibers photoanode with a
thinner CuPc shell.

FIG. 3b illustrates the holes transfer process in DSSC with
N719/CuPc sensitized TiO, nanofibers photoanode with a
thicker CuPc shell.

FIG. 4 illustrates a schematic of electrolyte quenching the
excited state of the CuPc, and relationship between exciton
concentration and distance from closer to N719 to away
from N719.

FIG. 5 illustrates a graph of photocurrent density vs.
voltage (J-V) characteristic of device with a photoanode of
CuPc/TiO,.

FIG. 6a illustrates TiO, nanofibers without CuPc coating;
FIGS. 6b, 6c, and 6d illustrates N719 sensitized TiO,
nanofiber having a CuPc deposition thickness of 20 nm, 30
nm, and 40 nm, respectively.

FIG. 7a illustrates scanning electron microscope (SEM)
images of TiO, nanofiber sensitized with N719 before the
coating of a CuPc layer.

FIG. 754 illustrates a SEM image of TiO, nanofiber after a
CuPc layer is deposited on the sensitized TiO, nanofibers in
a core-shell structure.

FIG. 7¢ illustrates a Transmission Electron Microscopy
(TEM) image of TiO, nanofiber after a CuPc layer is coated
on the sensitized TiO, nanofibers in a shell-like structure.

FIG. 8a illustrates absorption spectrums of photoanode
with N719/Ti0O,, CuPc/TiO,, CuPc/N719/Ti0O, structures.

FIG. 85 illustrates emission spectrum of CuPc and N719/
TiO,.

FIG. 9 illustrates photocurrent density-voltage (I-V)
characteristics of DSSC devices with and without a CuPc
layer.

FIG. 10 illustrates EQE versus wavelength of the DSSC
with and without CuPc (30 nm); b, EQE addition (AEQE)
caused by 30 nm CuPc and corresponding absorption spec-
trum of CuPc on TiO,.

FIG. 11 illustrates photovoltage characteristic of DSSC
devices with various thickness of CuPc; FIG. 11a is a graph
that illustrates PCE versus various thickness of CuPc; FIG.
115 is a graph that illustrates J__ versus various thickness of
CuPc; FIG. 11c¢ is a graph that illustrates V__ versus various
thickness of CuPc; FIG. 114 is a graph that illustrates FF
versus various thickness of CuPc.

FIG. 12 illustrates the general principle of operation of a
nanocrystalline TiO, dye-sensitized solar cell.

DESCRIPTION OF THE EMBODIMENTS

The accompanying drawings, which are incorporated in
and constitute a part of the specification, illustrate embodi-
ments of the invention and, together with the description,
serve to explain the principles of the invention.

DSSC offers the potential of low-cost, high-efficiency
photovoltaic device. However, conventional DSSC cannot
utilize all of the photons of the visible solar spectrum and
consequently the realized power conversion efficiency
(PCE) is limited. The present invention discloses a core-
shell photoanode, where a thin shell of infrared dye is
deposited on the core of sensitized TiO, nanofiber. In such
architecture, photons are absorbed by the infrared dye and
undergo charge transfer to the sensitizing dye, which broad-
ens the absorption spectrum and suppresses the recombina-
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tion process (electron back reaction and recombination with
electrolyte ions). In one embodiment, ruthenium-based dye
(N719) sensitized TiO, nanofibers are wrapped by thin-shell
of copper phthalocyanine (CuPc) achieving a high efficiency
of 9.48%. Rather than the typical Forster resonance energy
transfer (FRET), the charge transfer between the CuPc and
N719 molecules involves organized energy levels which can
be explained by the microscopic more efficient indirect
electron transfer process. Such an innovative approach pro-
vides an alternative method for enhancing the performance
of DSSC for low-cost renewable energy generation in the
future.

FIG. 1 illustrates a schematic of a semiconductor nano-
fiber dye-sensitized solar cell (DSSC) in accordance with
one embodiment of the present invention. Referring to FIG.
1, the DSSC 100 includes a semiconductor electrode (pho-
toanode) 180 and a counter electrode 110 separated by
electrolyte e 120, which can be a liquid or a gel. The
semiconductor electrode 180 comprises a transparent elec-
trically conductive substrate (e. g. fluorine-doped tin dioxide
(FTO) glass substrate), 170, a semiconductor nanoparticle
layer 160, and a nanofiber layer 130. The counter electrode
110 can be produced with a variety of electrically conductive
materials.

In one embodiment, the semiconductor nanofiber layer
130 is made with titanium dioxide (TiO,) nanofibers which
are adsorbed with a first light absorption material such as
ruthenium-based dye molecules (e.g., N719, N709, N3,
C101, etc.), and further deposited with a second light
absorption material such as copper phthalocyanine (CuPc),
zinc phthalocyanine (ZnPc), phthalocyanine sensitizers and
other organic dyes (e.g. porphyrin sensitizers). The second
light absorption material having a second light absorption
bandwidth complementary to the light bandwidth of the first
light absorption material.

The photoanode 180 and the counter electrode 110 are
separated with a mediator such as electrolyte 120, which can
take form of a liquid or a gel. In the latter case, an
appropriate gelator such as poly (ethylene glycol), poly
(methyl methacrylate), etc. is further added to gelate the
electrolyte solution. The electrolyte may include iodide/
triiodide, or others such as cobalt in form of Co(II)/(III),
redox couple that is adapted to transport electrons from the
counter electrode to the nanofiber layer to replenish the
sensitized dyes. The counter electrode can be a platinum-
sputtered FTO glass or an indium tin oxide (ITO) glass
substrate. The counter electrode and dyes anchored TiO,
photoanode is assembled into a sandwich structure with
hot-melt film (Surlyn, DuPont, 25 micro m).

The composite electrode materials are composed of semi-
conductor nanofibers such as titanium dioxide nanofibers
dispersed in a matrix which is coated with ruthenium-based
dye molecules. Upon illumination, the ruthenium-based dye
molecules are excited and created an electron-hole pair.
Subsequently, the electrons are injected into the conduction
band (CB) of TiO, photoanode. The average diameter of
nanofibers is between 20-2,000 nm, with a preferred range
of 30-100 nm. For the purpose of this disclosure, the
diameter of a nanofiber refers to its cross-sectional diameter.
As the cross-sectional of the nanofiber may not be circular,
the equivalent diameter may equal to the average perimeter
of the non-circular fiber divided by 3.14159.

For illustrative purposes, in the examples below, the term
“dye” and “light absorption material” are used in a broad
sense can be used interchangeably. For illustrative purposes,
the examples below may use N719 (i.e., first light absorption
material) and CuPc (i.e., second light absorption material) to
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describe light absorption material and near-infrared light
absorption material, respectively. Thus, the examples should
not be construed as limiting the scope of the present inven-
tion.

According to one embodiment, an ultrathin layer of CuPc
is deposited on top of N719 sensitized TiO, nanofibers. The
CuPc is capable of harvesting complementary light energy
and creating electron-hole pairs, and subsequently, injecting
the electrons to N719. As a result, it broadens the absorption
bandwidth of DSSC which nearly covered the entire visible
solar radiation spectrum.

There are two routes for charge generation and transfer in
this system, which is illustrated in FIG. 1. Upon illumina-
tion, molecule of the light absorption material is excited and
create an electron-hole pair, subsequently electron injects
into the conduction band (CB) of TiO, photoanode (path
102). In the present DSSC design, the CuPc layer comple-
mentally absorbs near-infrared photon and creates an elec-
tron-hole pair, exciton. The lowest unoccupied molecular
orbital (LUMO) energy level for CuPc is -3.5 eV. The
exciton diffuses to the interface between CuPc and N719
molecules and dissociates due to the LUMO energy level
which is offset at the interface. The electrons transfer to the
LUMO of N719 initially (path 101) as the LUMO energy
level for N719 is lower at -3.85 eV and subsequently inject
into the CB of TiO, (at even lower energy level of -4.2 eV)
via an indirect, more-efficient, charge transfer process. It is
to be noted that the excitons is diffused or transported
towards lower LUMO energy levels, and the light absorption
material (in this case N719 with LUMO of -3.85 eV) is
selected such that its energy level should be higher than the
CB of the semiconductor nanofibers (4.2 eV), while the
near-infrared absorption materials should have LUMO
energy level (in this case CuPc with LUMO of -3.5 eV)
higher than the light absorption material for this indirect
charge transfer process to take effect. If CuPc is replaced by
another near-infrared light absorption material such as ZnPc
with LUMO of -3.34 eV, this will also work as its LUMO
is higher than N719 at -3.85 eV. To this end, the present
invention relies critically on selecting the two light absorp-
tion materials according to their energy levels in respect to
each other as well as to the CB of the semiconductor
nanofiber.

In another embodiment, more than one light absorption
material can be deposited on the semiconductor nanofibers,
such as TiO, nanofibers with conduction band energy level
of —4.2 eV. For example, N719 (with energy level of -3.85
eV which is higher than —4.2 eV corresponding to conduc-
tion band of TiO,) sensitized TiO, nanofibers are deposited
with a second light absorption material such as CuPc with
LUMO energy level of -3.5 eV. Then, likewise, the second
light absorption material is deposited with a third light
absorption material having an even higher energy level, such
as ZnPc with LUMO energy level of -3.34 eV, and so on. As
such, each successive light absorption material forms a
shell-like structure on the preceding light absorption mate-
rial. Similarly, additional light absorption materials can be
deposited with each successive light absorption material
having a higher energy level than the light absorption
material of the preceding adjacent light absorption material.
Each of the successive light absorption material may have a
corresponding light absorption bandwidth that is comple-
mentary to the light absorption bandwidth of the preceding
light absorption material.

The present photoanode design has a number of advan-
tages. First, the one-dimensional nano-materials (e.g. TiO,
nanofibers) maintain the fast charge transport property.
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Second, the surface roughness of the fibers (polycrystallites
less than 10 nm) is adapted for deposition of the light
absorption material. Third, the high pore volume or porosity
of the photoanode as composed by nanofibers (in contrast
with less porous photoanode made up of nanoparticles)
allows the second dye (CuPc) to be deposited deeply into the
photoanode. Suitable technique for depositing the second
dye include deep penetration method such as thermal,
chemical, or physical vapor deposition which can permeate
deeply in a porous structure, coating the light absorption
materials (N719) of the semiconductor nanofibers (TiO,).
Fourth, the near-infrared light absorption material (e.g.
CuPc) deposited in form of an ultrathin layer external to the
N719 sensitized TiO, nanofiber photoanode can expand the
absorption bandwidth while avoiding the competition of
anchored sites on TiO, with the light absorption material.
The latter has been a limiting factor heretofore with con-
ventional co-sensitization. Fifth, two types of light absorp-
tion materials, or dyes, are spatially and energetically orga-
nized so as to achieve electrons transfer from near-infrared
(outer layer) light absorption material to the first (inner
layer) light absorption material while holes transfer from
first light absorption material to the near-infrared light
absorption material. This increases the distance between
injected electrons and oxidized dye species (holes) thereby
reduces, if not entirely suppresses, the recombination pro-
cess between electrons and holes in the device.

For the DSSC with non-solid (i.e. liquid and gel) elec-
trolytes, recombination occurs between the electrons in the
conduction band (CB) of TiO, with the holes in the oxidized
dye as shown in FIG. 2a. Referring to FIG. 25, the dye N719
and CuPc are spatially and energetically organized so as to
achieve electron transfer from CuPc to N719 while holes
transfer from N719 to CuPc. Consequently, the distance
between injected electrons and holes is increased and
thereby suppressing recombination process in the device.

FIGS. 3a and 35 schematically illustrate two different
configurations of the present invention. FIG. 3« illustrates a
holes transfer process in DSSC with N719/CuPc sensitized
TiO, nanofibers photoanode with a thinner CuPc shell; FIG.
35 illustrates a holes transfer process in DSSC with N719/
CuPec sensitized TiO, nanofibers photoanode with a thicker
CuPec shell. When thickness of CuPc is less than or equal to
the “sum” or “total” of the exciton diffusion length (i.e.,
length or distance of the diffusion region) and the thickness
of excitons quenched region, the excitons diffuse to the
interface of N719 and CuPc and subsequently dissociate.
The electrons are injected into LUMO of N719 and are
subsequently injected into CB of TiO,. The holes can
efficiently diffuse to the interface between CuPc and elec-
trolyte. However, when the thickness of CuPc shell exceeds
the “sum” or “total” of the length of exciton diffusion and
the thickness of quench region (FIG. 35), the excess CuPc
induces extra resistance that retards the regeneration of the
N719 due to the inferior holes transport ability.

FIG. 4 is a schematic of electrolyte (I;7) quenching the
excited state of the CuPc, and relationship between exciton
concentration with distance from closer to N719, to away
from N719.

As is known, 1,” in electrolyte is a “perfect quencher”,
which is capable of quenching the excited state of CuPc
thereby the outmost shell of CuPc, which is being quenched,
becomes malfunction or sacrificed. As such, an appropriate
shell thickness should be optimally equal to the sum of the
exciton diffusion length (depending on the crystalline/non-
crystalline structure of the near-infrared light absorption
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material) and the quench region thickness. The left region
(401) is the exciton diffusion region, while the right region
(403) is a quench region.

FIG. 5 illustrates a graph of photocurrent density vs.
voltage (J-V) characteristic of device with the photoanode
of CuPc¢/TiO, under AM1.5 (100 mWem™2). It shows the
realized current density J for a given voltage V with J_
corresponding to the short-circuit current density at zero
voltage and V__ corresponding to the open-circuit voltage
without current density. The maximum power from the
DSSC device corresponds to a point (V, J) on the perfor-
mance curve, whereby the power, which is a product of J and
V becomes maximum. The fill factor, FF, expressed as a
percent, is defined as the ratio of the maximum power to the
product of theoretical power realized J, .V . Higher FF
represents better maximum power obtained from the DSSC
device.

To determine the appropriate thickness of CuPc in the
present device, photoanode deposited with different thick-
ness of CuPc were tested in the range of 20 nm to 40 nm. The
SEM images and respective photovoltaic properties (V,_,
J,., FF and PCE) of these photoanodes were shown in FIGS.
6a-6d, FIGS. 7a-7¢, and FIGS. 11a-11d. Referring to FIG.
11, V. of all devices almost remained as a constant of
0.73+0.02 V. FF was maintained at 60% when thickness of
CuPc layer was no more than 30 nm, thereafter FF decreased
to 54% when the CuPc thickness increased to 40 nm. The
highest efficiency of 9.48% with the highest J . can be
achieved when the CuPc layer was 30 nm. Experimental
results show that increasing, or decreasing, the thickness of
CuPc would lead to lower performance of the DSSC device.
There was an optimum device design for maximum J,_. and
PCE. This is in agreement with what has been stated that the
total CuPc thickness should be optimally equals to the sum
of the diffusion length of the excitons in the CuPc and the
thickness of the quench region. With increasing thickness of
CuPc in the photoanode, more electrons are generated under
solar irradiation and they get transferred to the TiO, photo-
anode via the N719, resulting in improved performance.
However, when the thickness of CuPc exceeds the sum of
the quench-layer thickness and the exciton diffusion length,
the excess CuPc incurs extra resistance for holes transport
(see FI1G. 11) with consequence of retarding the regeneration
of N719 by the electrons. The thickness of CuPc layer
should be at least 5 nm with a preferred range of 10 and 50
nm. For a particular embodiment as shown in FIG. 114-FIG.
1154, the thickness of CuPc shell gives maximum of PCE and

FIGS. 65-6d show SEM images of CuPc coated N719
sensitized TiO, nanofiber with various thickness of CuPc
deposition. More specifically, FIG. 6a illustrates TiO, nano-
fibers without CuPc coating; FIGS. 65, 6c, and 64 illustrates
N719 sensitized TiO, nanofiber having a CuPc deposition
thickness of 20 nm, 30 nm, and 40 nm, respectively.

FIG. 7a illustrates scanning electron microscope (SEM)
images of TiO, nanofiber sensitized with N719 before the
coating of a CuPc layer. FIG. 75 illustrates a SEM image of
TiO, nanofiber after a CuPc layer is deposited on the
sensitized TiO, nanofibers in a core-shell structure. FIG. 7¢
illustrates a Transmission Electron Microscopy (TEM)
image of TiO, nanofiber revealing the core-shell structure
after a CuPc layer is coated on the sensitized TiO, nanofi-
bers. Due to the high pore-volume and high permeability of
the nanofiber film layer together with transporting CuPc in
form of vapor (produced by thermal, chemical, or physical
vapor deposition) deeply into the nanofiber film layer, CuPc
is able to deposit on the sensitized nanofibers to form
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core-shell structures as shown in FIGS. 7b and 7c. The
core-shell design is also able to improve and facilitate light
harvesting, while reducing loss in energy conversion from
electron-hole recombination.

Next, an exemplary fabrication process of a photoanode
in accordance with one embodiment of the present invention
is explained. To begin the fabrication process of the semi-
conductor nanofiber photoanode, a piece of FTO glass is
prepared. Next, a first layer of TiO,/PVP composite nano-
fibers are electrospun on the FTO glass from a precursor
solution which contains titanium isopropoxide (TIP, 1.2 g),
polyvinyipyrrolidone (PVP, 1 g), acetic acid (1 g) and
ethanol (30 mL). Other materials with good affinity to
titanium dioxide such as polyvinylacetate, polyvinylalcohol,
polyethyleneoxide and the like may also be used to prepare
the precursor solution. Besides the electrospinning method
described above, the semiconductor nanofibers can be pro-
duced by other known techniques such as chemistry based
solution method. In some embodiments, the average TiO,
nanofiber length in a distribution of TiO, nanofibers ranges
from nanometer scale to micro or millimeter scale. A similar
nanofibers fabrication process is disclosed in U.S. patent
application Ser. No. 13/244,957, entitled “Bilayer Dye-
Sensitized Solar Cell and Fabrication Method Thereof”, the
information thereof is incorporated by reference herein in its
entirety.

The diameter of the electrospun nanofibers can be influ-
enced by processing parameters, and the diameter of the
semiconductor (TiO,) nanofibers can be controlled by
adjusting the discharge amount, applied voltage for electro-
spinning, distance between positive electrode and ground,
and the consistency of the electrospinning solution. The
thicknesses of the nanofiber layer can be controlled by the
electrospinning time.

Thereafter, a calcination step is performed on the nano-
fibers in 450° C. for 2 hours. After calcination, another piece
of FTO glass is prepared and a thin layer of TiO, nanopar-
ticles is formed on the FTO glass by doctor blading tech-
nique. Thereafter, the pilled semiconductor nanofiber film is
placed on top of the nanoparticles layer in which the
nanoparticles layer serves as a hole-blocking layer as well as
a bonding layer. Subsequently, this photoanode is calcinated
at 450° C. for 2 hours. The calcinated photoanode is further
treated with an aqueous solution of TiCl, (40 mM) at 60° C.
for 15 min. Next, the obtained TiO, nanofibers photoanode
is sensitized in a solution of 0.03 mM Ru dye (N719)
solution in absolute ethanol at 50° C. for 24 hours. The
soaked photoanode is then washed with ethanol to remove
unanchored dye molecules and then the photoanode is left
dried. Thereafter, CuPc is deposited via vapor deposition
method, which can be thermal, chemical or physical. The
high “mobility” of the vapor of the infrared light absorption
material can permeate/penetrate deeply into the photoanode,
thereby depositing a shell-like structure onto the sensitized
nanofibers in the photoanode. Otherwise, the deposition of
the near-infrared dye might only take form of a thin layer or
coating on the surface or periphery of the photoanode should
the photoanode, made up of nanoparticles, be of low-
permeability and low porosity. (In the latter, the core-shell
structure will not be realized, and there would be difficulty
to harness the benefits of more efficient indirect charge
transfer as well as the reduced recombination.) The depo-
sition method will be explained in more details below in
connection with the experimental setup.

FIG. 8a illustrates an experimental result of the absorp-
tion spectrum of sensitized photoanodes having N719/TiO,,
CuPc/TiO, and CuPc/N719/Ti0, structure, respectively. The
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absorption bandwidth of a single N719 sensitized TiO, was
in the range of 400 nm to 550 nm. After inducing the shell
layer, CuPc, the absorption spectrum can be broadened up to
the near-infrared range. Furthermore, the photolumines-
cence (PL) emission spectrums of CuPc, N719/TiO, and
CuPc/N719/Ti0, photoanodes are shown in FIG. 86 which
exhibits no evident emission occurring in the wavelength of
330 to 800 nm for CuPc. On the other hand, the emission
intensity of N719/TiO, was enhanced with introduction of
CuPc, which suggests photons were absorbed by CuPc and
subsequently transferred to N719, resulting in enhanced PL
emission. Given there is no overlap between the absorption
spectrum of N719 and the emission spectrum of CuPc, the
FRET process, which is highly dependent on the overlap,
according to Forster theory, does not work efficiently in the
present N719-sensitized TiO, core—CuPC shell device.
FIG. 9 shows an experimental result of photocurrent
density-voltage (J-V) characteristics of DSSC with and
without CuPc¢ layer (30 nm) under AM1.5 (100 mWem™2)
illumination, and related data is shown in Table 1 below:

TABLE 1
Photovoltaic characteristics of DSSC with and without CuPc
30 nm CuPc Without CuPc Change %
I, (mAcm™) 21.12 14.97 41.08
V,. V) 0.74 0.75 -1.33
FF (%) 60.65 56.91 6.57
PCE (%) 9.48 6.39 48.36
R, (Qecm?) 2.34 10.07 -76.76
R, (Qem?) 641.5 414.8 54.65

The thickness of photoanode (excluding FTO glass) in these
devices was maintained at 13x1 pm. The open circuit
voltage (V,_), at 0.74-0.75 V, remained nearly unchanged
for DSSC with or without CuPc deposition (see in Table 1).
The device sensitized with only N719 has a PCE of 6.39%
while DSSC with a 30 nm CuPc shell demonstrated an
enhancement up to 9.48% PCE, a 48% increase in device
performance. The improvement primarily attributed to the
increase in both short-circuits current density (J,.) and fill
factor (FF). However, for reference the device with photo-
anode of only CuPc/TiO, was found to have extremely low
J.. and PCE, respectively, 0.67 mAcm™ and 0.18%, as
shown in FIG. 5. It is known that CuPc with multiple and
symmetrical carboxyl groups is easy to synthesize however
sensitizing TiO, is difficult as the electron cannot direct
inject from CuPc into the CB of TiO, due to the wide band
gap. Thus, the device with CuPc/TiO, photoanode shows
extremely low PCE. The improved performance as evident
from the very high J__ realized through introducing the CuPc
shell was due to the indirect charge transfer from the CuPc,
through N719, to the CB of TiO,. Therefore, there were two
routes for charge generation and transport incorporated in
the present novel system. Besides harvesting light, N719
also functions as a charge carrier or transport channel
connecting CuPc and TiO,.

The 48% enhancement in device performance is mainly
due to increase of J,. which can be examined by an increase
in the external quantum efficiency (EQE) in the two wave-
length regimes: 350 to 400 nm and 550 to 800 nm as
depicted in FIG. 10a. The increase of EQE is attributed to
the introduced CuPc that can absorb photons in these regions
for additional charge generation. As shown in FIG. 104, the
ECE enhancement, AEQE, was calculated based on the
difference between EQE of the device with and without
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CuPc. The AEQE has three peaks, respectively, at 355, 570
and 700 nm, corresponding to 28%, 15%, and 27% enhance-
ment in EQE that matches the absorption spectrum of pure
CuPc very well. The foregoing analysis clearly reveals the
effect of CuPc on performance of the DSSC device.

The experimental data demonstrate the viability of appli-
cation of the present photoanode with core-shell structure in
DSSC. The core (TiO,) sensitized with a dye (i.e., first light
absorption material) and the shell made of another dye (i.e.,
second light absorption material) has the complementary
absorption region thus could broaden the absorption spec-
trum of device. Furthermore, the shell can suppress recom-
bination process in the device due to the organized level
energy between two dyes. Realization of high efficiency
device in excess 15%, a core-shell photoanode with much
stronger dye instead of CuPc would be a more viable
solution for deploying this type of DSSC device for renew-
able energy in the future.

Experimental Setup

Preparation of the Novel Core-Shell Photoanode:

A TiO, nanofiber photoanode (3 mmx3 mm) with the
thickness of (13+1) pum is prepared. The prepared TiO,
nanofiber film was first treated with an aqueous solution of
TiCl, (40 mM) at 60° C. for 15 min. After treatment,
washing with ethanol and drying in vacuum at 80° C., and
immersed in a solution 0 0.03 mM N719 in absolute ethanol
at 55° C. for 24 hours. Prior to loading into vacuum
chamber, the soaked photoanode was washed with ethanol to
remove “unanchored” dye. A CuPc layer was deposited on
N719 sensitized TiO, nanofiber photoanode using thermal
evaporation under a pressure of <107 Torr at a deposition of
around 0.5 A/s, which was rotated at a rate during deposi-
tion. A 6 MHz gold crystal monitor was used to determine
film thickness and deposition rate.

The morphology of the photoanode was investigated by
images obtained from scanning electron microscopy (SEM,
Hitachi 54800) and transmission electron microscope (TEM,
JEOL 2100F). The core-shell TEM samples were prepared
by directly filing the CuPc/N719/Ti0, photoanode by graph-
ite-covered copper grid.

The absorption spectrum of N719/TiO,, CuPc/TiO, and
CuPc/N719/Ti0, photoanodes was measured by an Agilent
Varian Cary 4000UV/VIS/NIR spectrophotometer. Photolu-
minescence (PL) data was measured at room temperature
using an Edinburgh FLSP920 spectrophotometer with an
incidence-and-detection angle of 45°. The emission spec-
trum was measured at an excitation using a 32-nm mono-
chromatic filter and an increment of 1 nm was adopted for
data collection.

Solar Cell Fabrication and Characterization:

Platinum-sputtered FTO glass was used as the counter
electrode. The counter electrode and dyes anchored TiO,
photoanode were assembled into a sandwich prototype with
hot-melt film (Surlyn, DuPont, 25 um). The internal space of
the cell was filled with a liquid electrolyte, which consisted
of'a mixture of 0.6 M 1-methyl-3-propylimidazolium iodide
(PMII), 0.05 M Lil, 0.05 M L, and 0.5 M 4-tert-butyl
pyridine (TBP) in acetonitrile. The prepared DSSC device
was subject to illumination of AM1.5G 100 mWcm™ from
a solar simulator ABET SUN 2000 with power density
calibrated by a silicon reference cell (NIST). The perfor-
mance of the DSSC device was monitored by a power meter
(Keithley 2400 digital source meter) throughout the testing.
The external quantum efficiency (EQE) values were mea-
sured with an EQE system equipped with a xenon lamp
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(Oriel 66902, 300 W), a monochrometor (Newport 66902),
a Si detector (Oriel 76175_71580) and a dual-channel power
meter (Newport 2931_C).

While the present invention has been described with
reference to exemplary embodiments, it is to be understood
that the invention is not limited to the disclosed exemplary
embodiments. The scope of the following claims is to be
accorded the broadest interpretation so as to encompass all
modifications and equivalent structures and functions.

What is claimed is:

1. A dye-sensitized solar cell comprising:

an electrode comprising

a transparent electrically conductive substrate,

a semiconductor nanoparticle layer dispersed on the
transparent electrically conductive substrate,

a plurality of semiconductor nanofibers dispersed on
the semiconductor nanoparticle layer;

a first light absorption materials adsorbed on all sides of
the respective semiconductor nanofibers, wherein
the first light absorption material has a first light
absorption bandwidth; and

a second light absorption material in contact with and
forming respective shells on the respective semicon-
ductor nanofibers on which the first light absorption
material is adsorbed, wherein the second light
absorption material has a second light absorption
bandwidth substantially complementary to the first
light absorption bandwidth;

a counter electrode including a metal-coated transparent

electrically conductive substrate; and

an electrolyte in contact with the second light absorption

material and the counter electrode.

2. The solar cell of claim 1, wherein

the semiconductor nanoparticle layer includes titanium

dioxide nanoparticles, and

the semiconductor nanofiber layer includes titanium diox-

ide nanofibers.

3. The solar cell of claim 1, wherein the first light
absorption material is a ruthenium-based dye.
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4. The solar cell of claim 1, wherein the second light
absorption material is selected from the group consisting of
copper phthalocyanine, zinc phthalocyanine, phthalocya-
nine sensitizer, and other organic dyes that include porphyrin
sensitizers.

5. The solar cell of claim 1, wherein the semiconductor
nanofibers have an average diameter of at least 20 nm.

6. The solar cell of claim 5, wherein the average diameter
of the semiconductor nanofibers is in a range from 30 nm to
100 nm.

7. The solar cell of claim 1, wherein the second light
absorption material includes a diffusion region and a quench
region.

8. The solar cell of claim 1, wherein the electrolyte is a
liquid that includes one of iodide/tri-iodide ions and cobalt
II/111 ions.

9. The solar cell of claim 1, wherein the electrolyte is a gel
that includes one of iodide/tri-iodide ions and cobalt II/III
ions.

10. The solar cell of claim 1, wherein

the first light absorption material has an energy level that

is higher than an energy level of a conduction band of
the semiconductor nanofibers, and

the second light absorption material has an energy level

that is higher than the energy level of the first light
absorption material.

11. The solar cell of claim 1, wherein the second light
absorption material has a thickness of at least 5 nm.

12. The solar cell of claim 11, wherein the thickness of the
second light absorption material is in a range from 10 nm to
50 nm.

13. The solar cell of claim 1, wherein the first light
absorption material absorbs light wavelengths in the wave-
length range from 400 nm to 550 nm and the second light
absorption material absorbs light in the wavelength range
from 550 nm to 700 nm.

#* #* #* #* #*



