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1. Introduction

Market of solar cells is growing sharply and
the growing rate reached one and a half times
each year. Most of the market is occupied
with crystal Si-based solar cells including
micro-crystalline Si, however, new types of
solar cells, such as CdTe-based solar cells
and CIGS-based solar cells have been put
into practical uses. Dye-sensitized solar cells
(DSC) are one of the next generation-solar
cells, aiming at low-cost-type solar cells. In
this report, where DSC is now and to where
DSC researches go are discussed.

2. What is dye sensitized solar cells?

DSCs consist of titania nano-particles
covered with dye molecules and electrolytesl
(Figure 1). The
summarized in Figure 2. When dyes are

working principle is

exposed to sun light, dyes is excited and
electrons are injected into titania layers.

Electrons are carried in titania layers by
diffusion force. On the counter electrode,
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Fig. 1. Structure of DSC(dye sensitized solar cell)
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Fig. 2. Working principle of DSCs and mea-
surable parameters
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iodine molecules obtain electron to form
iodide ions. Electrons diffuse in organic
solvent as iodide ions. lodide ions give
electrons to dye molecules to form iodide
molecules. Since these charges are carried by
only diffusion process, it is crucial to control
the diffusion in order to increase the
DSCs are
prepared by coating titania paste, baking the
substrate at 400~500 degree C, dipping the
substrates into dye solutions, followed by
(Figure 3).
the processes are composed of

photo—conversion  efficiency.

injecting liquid electrolytes
Namely,
coating, baking and dipping processes, which
are conventional and currently conducted
technologies. The key process is similar to
those of LCD and Li ion rechargeable
batteries. Semi-conductive production lines
are needed for manufacturing new type of
solar cells such as thin film Si-solar cells,
where, only big companies are able to join the
competitions. However, production lines for
DSCs have nothing to do with semi—con-
ductive production lines and are similar to
ones used so far. Companies not having
Si-related semi-conductive technologies have
opportunities to join the competitions.
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Fig. 3. Fabrication of DSC(dye sensitized solar cell)
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3. DSC —Now-

Efficiency of the DSC reached 11(%]) which
is almost the same as those of amorphous Si
solar cells(2-4). 11(%) efficiency is surpri-
singly high, even thought the fabrication
processes contain simple coating and dipping
processes. The efficiency is now lower than
those of crystalline Si-based solar cells and
CIGS-based solar cells (Figure 4). The Next
target of the DSC researches is 15(%]),
efficiency (2020) which is described in a
future plan (PV2030) made by New Energy
and Industrial Technology Development
Organization of Japan (NEDO). The reason
why crystalline Si-based solar cells have high
efficiency is because the cells are able to
harvest lights with wide range of wavelength
from 500~1,100{nm]. DSCs cover only
wavelength of 400~700{nm], which is almost
the same as that of amorphous Si-based solar
cells. The spectral-matching between DSC
and sun light is not enough, but DSCs can
cover the wavelength region of fluorescence

15-24%

— 5-19%
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I 8-13% 5-11%
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Fig. 4. Current status of DSC against Si-base
solar cells



light. This is why inner-use is discussed for
one of the entrances for DSC-commercia-
SONY has reported that the
efficiency of the Si-solar cells is about 12(%)

lization.

under a certain fluorescence light and that of

DSC is about 21(%) under the same
condition.
Many companies such as Fujikura,

Toyota-Aishin, Hitachi, and so on have
reported large DSC modules. They are
accumulating  KNOW-HOW to make large
modules and give durability to the modules.
Fabrication of DSC cells is simple, but, many
problems have to be resolved in order

fabricate large modules, for example,
structures of modules, encapsulations and
the protection of grids. Figure 5 shows DSC
modules reported by Fujikura (Fujikura

Homepage).

Crystal S| solar cells (24.7%)

P A
a-Si solar cells {10.1%)

P -

Dye sensitized solar cells {10.4%)

S —

Sularlight
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Fig. 5. Spectrum matching

4. DSC —from now on—

DSC researches are now focused on the
fabrication of large modules, increase in

efficiency and improvement of stability.

Dye sensitized sslar calls -Present and future-

4180mm x §40mm

o

Fig. 6. DSC module reported by Fujikura(20086)

From Fujikura homepage

4.1 Trials to increase in efficiency(15(%))

light
harvesting and electron collection are focused

In order to increase efficiency,

on in this paper.

4.1.1 Light harvesting

Many trials have been done to prepare dye
molecules extending the absorption edge up
to IR regions(5-12). In addition, various
tandem cells are reported. Figures 7 and 8
show one of tandem cells, where anode
consists of conventional titania nano-particles
covered with dye molecules and cathode are
composed of p-type NiO covered with dye
molecules. Dye molecules on the anode cover
different wavelength from those on the
cathode, which enable the cell to cover wide
range of wavelength. Increase in Voc is
expected in this type of the cells. Figure 9
shows an example of parallel cells(13].
Cathode and anode consist of titania
nano-particles covered with dye molecules,

but dye molecules on the anode cover
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Fig. 7. Comparison of single cell and tandem cell
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Fig. 8. Working principle of tandem cells
See ref. 15

different wavelength from those on the
cathode. In the same way, increase in Jsc is
expected. Figure 10 shows the simplest
structure of parallel cells, where titania
layers are stained with dye molecules
separately. Position-selective dye-staining
and preparation of DSC consisting of
dye-bilayer structure have been reported by
us. In this report, reports on merely
accumulating two cells are omitted(14-16).
Since improvement of light harvesting is
crucial to increase efficiency, the research on

light harvesting becomes one of the most
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Fig. 9. DSC with parallel structure
See ref. 13

v Dye-bilayer TiO, structure

v 3D porous Ti electrode

IPCE

Wavelength

Fig. 10. DSC with dye-bilayer structure

important items.

4.1.2 Electron collection.

Electron diffuses in titania layers by
hopping electron trapping sites (Figure 11).
Surface states become a center for charge
recombination. Therefore, trap density or
surface state density should decrease. The
surface state density can decrease by
passivating surfaces of titania nano-particles
with organic molecules. The best way is to
with dye
molecules, however, too may adsorption of

passivate the surface state

dye molecules on titania surface causes dye



which
photovoltaic performance. We found that the

aggregation inversely  decreases
surface state density decreased and dye
aggregation was suppressed by staining
titania layers under pressurized CO2
conditions(17]. Both of open circuit voltage
(Voc) and short circuit current (Jsc) were
improved by the COz process as shown in
Figure 12. Decreases in the number of grain
boundary between titanium nano-particles
are also needed. Nanofibers and nanotubes of

titania were added in order to suppress the

] nstands for surface traps.

Surface traps

Charge ~
o recombination

Charge *I

recombination

Tio, Dye Iy

Surface traps: Center for charge recombination: Voc drop

Surface traps: Electron trap: Jsc drop
Fig. 11. Relationship among surface states,
electron diffusion and electron life time
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Fig. 12. I~V curves of DSCs prepared by dipping
(BD-DIP) and CO» process (BD-COs)

Dde sansitized solar calls -Prasent and future-

undesirable effects associated with the grain
boundaries(19].

4.2 Solidification
4.2.1 All-solid-DSC

One of the curical problems on module
fabrications is the corrosion of metals by
iodide and iodide. They react with Au, Ag and
Al metals employed conventionally s grids.
Therefore, extra protection layers on these
metals are needed. Solidification is one of the
methods to avoid the use of iodine. Figure 13

Adv. Mater .2005, 17, 813
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Chem. Mater., 14, 954,(2002)

" Polythiophene, Polypyrrole, PPV

Synthetic Metals, 121 1803, {2001}
Chem. Comm. 17, 2259, {2005).

Fig. 13. All-solid DSCs
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Fig. 14. All-solid DSCs containing additives
See ref. 25
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shows research trends on solidification
(19-24]). When

replaced with organic p-type semi-conductive

liquid electrolytes are
materials, defects such as short electron
diffusion length, short hole diffusion length
and fast charge recombination appear, which
are suppressed in use of liquid electrolytes.
The cells shown in Figure 14 cope with the
defects properly(25]). In order to solve the
problem, the thickness of the titanium layer
was decreased to 1~3 micron, compared with
10~20 micron thickness for liquid type
DSCs. .Organic dyes with high absorbance
were used instead of Ru dyes because of
efficient light harvesting irrespective of thin
titania layers. In addition, t-butylpyridine is
added in the hole conductor in order to avoid
charge recombination at the interface
between titania and p-type semiconductor. In
order to increase electron diffusion length in
titania, Li salt is added. In addition, in order
to increase hole diffusion length, Sb complex
is added. Graetzel and his co-workers have
reported 4.1(%) using the all-solid DSC.
Much effort is needed for improving the

efficiency(25).

4.2.2 lonic-liquid type-Quasi-solid DSC

In order to avoid spilling from the DSC and
volatilization of organic solvents, quasi-soli-
dification using non-volatile ionic liquid has
been reported. Quasi-solidification is carried
out by adding solidification agents into ionic
liquid type electrolytes. They are visually
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solid but éharges are carried by diffusion in
ionic liquids. Therefore, the addition of
electrochemically-inactive solidification agents
suppresses somehow the diffusion of ionic
liquids and decreases photovoltaic perfor-
of the

agents is

mances. One most convenient

solidification nano-particles.
However, photo-voltaic performances dec-
reased linearly with the amount of
nano-particles added. We have reported
quasi-solid DSCs with straight ionic paths as
shown in Figure 15(26). Anodically oxidized
alumina was used for the solidification agent.
The anodically oxidized alumina films have
many nanopores and the nanopores are
penetrating from one side to another side
straightly. The straight-pass helps swift ion
In addition, the nano pore
modified  with

molecules which are self-organized on the

diffusions.
surfaces  were organic
amunina nano-pore-wall. lodine and iodide
are concentrated on the self-organized
imidazolium moieties and make ion paths.
The  photovoltaic

quasi-solid-DSC were surprisingly larger

properties of  the

than that of the parent ionic-liquid type solar
cells (Figure 16). We are expecting Grotthuss
type charge diffusion mechanism which is
observed when charge carriers are making
networks(28). When one charge comes to the
networks, another charge goes out form the
networks. Therefore, charges are carried
without diffusion of the charge -carriers,
which exhibit best performances in solidified
media.
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4.3 Module

Figures 17~20 shows modules structures
of DSC reported so far. Most simple one is
shown in Figure 17. Because of insufficient
conductivity of transparent conductive oxides
(TCO) (10(ohm/crf)), grids have to be on the
TCO glasses. However, iodide and iodine
corrode metals such as Ag, the grid has to be
protected perfectly. Low melting glass is one
of the best selections for protecting the
iodide/iodine corrosion.

4.4 TCO-less DSC

Conventional DSCs have two TCO glasses.

Dye sensitizad sslar cells -Present and futare-

Electrolyte

Paraliel cell
4 Iy s

Encapsulation Grid (Ag)

Protector

Fig. 17. DSC modules-parallel

Fig. 19. DSC modules-Z

Carbon ZrQ,felectrolytes

Fig. 20. DSC modules-Monolithic
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However, TCO glasses is very expensive in
this moment. TCO-less DSCs have been
desired. Some TCO-less structures have been
reported so far. Our all-metal-electrode-DSCs
are shown in Figure 21(27]. The cell consists
of glass/porous titania covered with dye
Ti/electrolytes/Ti sheet.
Electrons generated in the porous titania

molecules/porous

layer are collected in the porous Ti
electrodes. The key to success is the

preparation of thick and porous Ti electrodes,
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Fig. 21. DSC with All-metal-electrode
(TCO-less DSC)
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which fulfills the contradict requirements on
thick Ti layers for higher conductivity and
porous structure for not suppressing the ionic
diffusions thorough the Ti electrode.  Figure
22 shows the I-V curves of the DSC with
(TCO-less~DSC). The
8(%]) efficiency was almost the same as that

all-metal-electrodes

of conventional DSC using TCO-glasses,
leading the conclusion that the porous Ti acts
as electron collectors.

5. Conclusions

The efficiency of DSCs is about 11(%])
which is almost the same as amorphous
Si-based solar cells. The next target is 15(%)
efficiency in order to catch up microc-
Light
harvesting and charge collections are key

rystalline Si-based solar cells.

research items for achieve the target.
Another research trend is the fabrication of
large modules. The KNOW-HOW is still in
companies and the details are not open yet.
Encapsulations and protection layers of grids
should be the key research items. Stability is
related largely to electrolyte compositions.
The relationship between the stability and
electrolyte compositions, and degradation
mechanisms should be made clear. Indoor use
as well as outdoor use has been focused on.
DSC performances exceed that of Si-based
solar cells under fluorescence light exposure.
DSCs would be put into practical uses before

long.
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