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M
ichael Grätzel was awarded the
2010 Millennium Technology
EUR 800,000 Grand Prize and the

prize trophy “Peak” at the Grand Award Cer-

emony at the Finnish National Opera House

in Helsinki for advances that have enabled

practical application of dye-sensitized solar

cells.1 Professor Grätzel directs the labora-

tory of photonics and interfaces at the École

Polytechnique de Lausanne, where he has

pioneered the use of mesoscopic thin films

for dye-sensitized solar cells and other en-

ergy applications. The International Selec-

tion Committee noted that Grätzel’s ad-

vances are likely to “have an important role

in low-cost, large-scale solutions for renew-

able energy”.

Indeed, Grätzel’s contributions have pro-

vided an entirely new paradigm for solar-

energy conversion that simultaneously

placed molecular and nanoscience ap-

proaches on the map with traditional

photovoltaics like silicon. Prior to Grätzel’s

work, molecular and nanostructured solar

cells were of purely academic interest; they

provided opportunities to test fundamental

aspects of excited states and interfacial

electron transfer. The seminal 1991 Nature

paper on dye-sensitized solar cells, which

Grätzel co-authored with then graduate stu-

dent Brian O’Regan, abruptly changed this

mindset through the realization of an order

of magnitude increase in power conversion

efficiency with remarkably high stability and

a potential for very low cost.2 The paper

demonstrated that a thin film, comprising

anatase TiO2 nanocrystallites intercon-

nected in a mesoporous network, quantita-

tively collected charge from molecular ex-

cited states and vectorially transported that
charge over micrometer distances. Today’s
dye-sensitized solar cells have confirmed ef-
ficiencies greater than 11%, and the compo-
nents required to prepare them are com-
mercially available from multiple vendors.3,4

The practical application is also illustrated

by the recent launch of industrial produc-
tion by several corporations. In particular,
the company G24 Innovations in Cardiff,
Wales (UK), started commercial shipment
of mass-produced flexible modules of dye-
sensitized solar cells based on these ad-
vances on October 12, 2009. The yearly pro-
duction capacity of the plant is 120 MW.5

The impact of Grätzel’s fundamental
work on the growing community of sci-
entists committed to solar-energy con-
version is also particularly noteworthy.
The ISI Web of Science index reveals that
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ABSTRACT The 2010 Millennium Technology Grand Prize was awarded to Michael Grätzel
for his ground-breaking research that has led to the practical application of dye-sensitized solar
cells. Although Grätzel began his research well before nanotechnology had the “buzz” that it
does today, the mesoscopic thin films he has developed have paved the way for generations of
scientists to exploit the nanoscale for energy conversion. In addition to practical application, his
research has led to a deeper understanding of photoinitiated charge-transfer processes at
semiconductor interfaces. Here, the key scientific developments that guided early progress in
dye-sensitized solar cells are summarized, with emphasis on fundamental advances that have
enabled practical application.

Grätzel’s contributions have

provided an entirely new
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the 1991 Nature paper alone has been

cited �5000 times and that the num-

ber of citations grows each year.2 The

worldwide resonance of his work

ranks him among the top 20 most

cited chemists in the world. Hundreds

of research groups are now actively

working on a wide variety of meso-

scopic thin films for energy conver-

sion applications. One cannot attend

an American Chemical Society (ACS)

national meeting without hearing a

multitude of talks, and even entire

symposia, that are directly or indi-

rectly inspired by Grätzel’s work.

While much of this research has been

directed toward practical applications

in energy conversion, the sensitized

mesoscopic thin films afford unprec-

edented characterization of funda-

mental interfacial charge-transfer re-

actions that was not previously

possible. The light-to-electrical en-

ergy conversion process is now

understood in considerable molecu-

lar detail.

The state-of-the-art dye-sensitized

solar cell has a myriad of details, most

of which go beyond what can reason-

ably be considered in this Nano Focus

article. Rather, I include the accepted

mechanism for light-to-electrical energy

conversion, champion confirmed effi-

ciencies, and give a brief history of dye-

sensitized solar cells to provide perspec-

tive on the critically important

fundamental advances Grätzel and his

colleagues have made that led to the

Millennium Grand Prize.

Dye-Sensitized Solar Cells. Dye sensitiza-

tion of wide band gap metal oxide semi-

conductors in aqueous photoelectro-

chemical cells was an active area of

research in the 1970s.6�9 Much of this

work, like the celebrated studies of

Fujishima and Honda,10 focused on the

photosensitized splitting of water into

hydrogen and oxygen gases in photo-

electrosynthetic cells. Redox mediators,

then called “supersensitizers”, enhanced

the power conversion efficiency sub-

stantially without generation of chemi-

cal products. These photoelectrochemi-

cal cells are regenerative and most

similar to those advanced by Grätzel.

The late Heinz Gerischer identified the

mechanism for light-to-electrical en-
ergy conversion in regenerative dye-
sensitized solar cells based on single-
crystal semiconductor materials and
provided a theoretical framework from
which they could be understood.9 A
simplified mechanism is shown in
Figure 1.

The indirect 3.2 eV wide band gap
of anatase TiO2 absorbs only about 3%
of the air mass 1.5 solar spectrum and is
hence of limited use for solar harvest-
ing. However, when a dye or “sensi-
tizer”, S, is attached to the semiconduc-
tor surface, a larger spectral distribution
of light can be harvested. If the excited
state of the sensitizer is a sufficiently po-
tent reductant, it may inject an elec-
tron into the TiO2 conduction band.
Excited-state injection yields an oxi-
dized sensitizer that must be regener-
ated by an electron donor, D, present in
an external electrolyte solution. The in-
jected electron returns to a dark counter
electrode where it reduces D� back to
D. Hence, light is converted into electri-
cal power without the net generation of
chemical products.

Mesoscopic TiO2 thin films sensi-
tized to visible light with Ru(II) polypy-
ridyl compounds have produced record
efficiencies when utilized in regenera-
tive solar cells with I�/I3

� redox media-
tors in organic solvents. Shown in Table
1 are confirmed efficiencies and charac-
teristics of the champion dye-sensitized
solar cell and submodule.11 A 17 cm2

submodule fabricated by Sony with a
global efficiency of 8.5% and Sharp’s
single cell efficiency of 11.2% are now
the highest confirmed efficiencies. They
are both characterized by high short-
circuit photocurrent densities and good
fill factors. The open-circuit photovolt-
ages are modest. With commercially
available materials and literature proce-
dures, it is now relatively straightfor-
ward to realize an 8% efficiency in a
single cell; however, a considerable

Figure 1. Simplified mechanism for light-to-electrical energy conversion in a dye-sensitized
solar cell. Light absorption by a sensitizer, S, creates an excited state, S*, that injects an
electron into the semiconductor conduction band with a rate constant, kinj. The now oxi-
dized sensitizer S� is reduced by an electron donor, D, with a rate constant, kred. The oxi-
dized donor, D�, is reduced at the counter electrode, and thus the solar cell does not pro-
duce any chemical products and is termed regenerative. The photovoltage represents
the energy difference between the quasi-Fermi level of the illuminated semiconductor
and the counter electrode.

TABLE 1. Confirmed Dye-Sensitized Solar Cell and Module Efficiencies Measured under the Global AM 1.5 Spectrum (1000 W/m2) at
25° Ca

efficiency (%) aperture area (cm2) Voc (V)b Jsc (mA/cm2)c FF (%)d description

11.2 � 0.3 0.219 0.736 21.0 72.2 Sharp, single cell
8.5 � 0.3 17.13 0.669 18.9 67.1 Sony, submodule of 8 serial cells52

aEfficiencies certified by the Japanese National Institute of Advanced Industrial Science and Technology (AIST). bOpen-circuit photovoltage. cShort-circuit photocurrent density. dFill factor.
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amount of art remains in the fabrica-
tion of 10�% dye-sensitized solar cells.

Planar to Nanocrystalline Mesoscopic Thin
Films. Even though the excited-state in-
jection yields were estimated to be near
unity, the early data on dye-sensitized
solar cells were reported without pre-
tense to practical application simply be-
cause a monolayer of dye molecules
present on a planar surface does not
harvest a significant fraction of incident
photons (Figure 2A). Even with porphy-
rinic dyes, which have about 100 times
the extinction coefficient of Ru(II) poly-
pyridyl compounds, a monolayer on a
flat surface is barely visible to the eye
and transmits far more light than it ab-
sorbs.12 Although energy transfer
through an array of properly aligned
multi-pigment molecules could in prin-
ciple be utilized, such an approach has
no experimental precedent and mono-
layers on flat surfaces remain
impractical.12

The issue of poor light harvesting
by a monolayer of dye molecules was
recognized early on. In principle, this
difficulty could be circumvented by a
thick layer of dye molecules (Figure
2B). However, this too proved to be
unsuccessful for practical applica-
tion.13 A major obstacle encountered
was that photons were absorbed in
regions of the film where the excited
state produced could not reach the

semiconductor interface. The pen-
etration depth of light often ex-
ceeded the exciton diffusion length
such that excited-state decay domi-
nated over electron injection. A more
subtle problem was that, even when
excited-state injection occurred, the
oxidized sensitizer was present in a
low dielectric constant film that re-
stricted ion motion and outer-sphere
reorganization, behavior that often
led to unwanted charge recombina-
tion. Therefore, while films of dye
molecules largely solved the light-
harvesting issue of molecular mono-
layers, poor injection yields precluded
practical application. Although this
film approach continues to be ex-
plored by some in organic photo-
voltaics, the challenge of matching
film thickness with exciton diffusion
length and simultaneously maintain-
ing high light harvesting has proven
to be exceedingly difficult.

The key breakthrough for practical
application provided by Grätzel was to
abandon completely the use of planar
electrodes. Instead, he utilized high-
surface-area mesoscopic materials to
which a larger number of sensitizing
dye molecules could be attached.14,15

Each dye was in intimate contact with
the semiconductor and was solvated by
the electrolyte, thereby providing high
light harvesting, quantitative electron

injection, and negligible geminate re-

combination. Early work involved treat-

ing planar electrodes with titanium

alkoxides that were later hydrolyzed to

roughen the surface and generate frac-

tal morphologies.14 A superior approach

utilized now is to synthesize stabilized

colloidal solutions that can subse-

quently be coated onto a conductive

surface and briefly heated to promote

coupling between the nanoparticles.2,15

Those best optimized for dye-sensitized

solar cells comprise 8�20 nm anatase

TiO2 nanocrystallites interconnected in

a 4�10 �m thick porous network de-

posited on an optically transparent elec-

trode such as fluorine-doped tin oxide

(FTO) (Figure 2D). Often, a second layer

of larger anatase particles is utilized to

scatter transmitted light and enhance

the photocurrent response in the red

portion of the visible spectrum. In addi-

tion to the obvious advantage of low

cost, these nanostructured mesoscopic

thin films possess many qualities ideal

for solar-energy conversion and for fun-

damental interfacial charge separation

studies:

1. A high surface area for sensitizer

binding and efficient solar harvest-

ing. For Ru polypyridyl sensitizers,

surface coverages of �10�8 mol/cm2

are typically reported, which is

500�1000 times that expected for

Figure 2. Development of efficient sensitized electrode materials for dye-sensitized solar cells. (A) Monolayer on dye molecules anchored
to a planar electrode. Such materiels showed good excited-state injection yields but poor light-harvesting characteristics. (B) Thick film
of dye molecules coated on a planar electrode resulted in improved light-harvesting efficiency but poor excited-state electron injection.
(C) Monolayer of dye molecules anchored to a mesoporus high-surface-area nanocrystalline electrode and (D) SEM image of a mesoscopic
anatase TiO2 electrode developed by Grätzel and colleagues that enabled practical application through good electron-injection effi-
ciency and light harvesting.
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monolayer coverage on a single-
crystal TiO2 surface and corresponds
roughly to about 500 sensitizers/
nanocrystallite.

2. The �50% mesoporosity for sensi-
tizer binding and diffusion of mobile
redox mediators.

3. The density of unfilled acceptor states
can be widely tuned in energy for opti-
mization of power conversion effi-
ciencies and for fundamental charac-
terization of excited states and
interfacial charge separation.

4. Injected electrons can be efficiently col-
lected in an external circuit. Remark-
ably, transport is not a problem in
these materials. There is surprisingly
little charge recombination at the
short-circuit condition with less than
5% loss at the power point.

5. High transparency in the visible and in-
frared regions allows characterization
of photoinduced electron-transfer re-
actions by transmission spectros-
copy techniques for correlation of
spectroscopic and photoelectro-
chemical behavior.

These attributes are not restricted
to application in dye-sensitized solar

cells and have already found applica-

tions in other areas of energy research

including battery and capacitor technol-

ogy. They have also been exploited in

photoelectrosynthetic cells for water

splitting.16 The mesoscopic material is

not limited to TiO2; in fact, the nanome-

ter length scale is potentially ideal for

photoelectrode materials like ferric ox-

ide (Fe2O3) in which short hole diffusion

lengths have historically limited practi-

cal application.17

Fundamental Molecular Advances. A po-

tential drawback of the mesoscopic

thin films for dye-sensitized solar cell

application was that the oxidized redox

mediator, D�, formed by sensitizer re-

generation, must navigate through the

mesopores to the counter electrode

without first being reduced by elec-

trons injected into TiO2. Another key ad-

vance by Grätzel and co-workers was

the identification of I�/I3
� as a unique

redox mediator that accomplishes ex-

actly this. In 1985, graduate student

Jean Desilvestro reported an incident

photon-to-current efficiency (IPCE) of

�40% with blue light.14 The IPCE val-

ues today are �80% across the visible

region and are near 100% when correc-

tions are made for absorption and scat-

tering losses by the FTO substrate.

These high IPCE values correspond to

confirmed current densities greater

than 20 mA/cm2 under AM 1.5 solar illu-

mination. Iodide is rapidly oxidized af-

ter excited-state injection, and the I3
�

product is nearly quantitatively reduced

at a platinum counter electrode. This as-

pect of dye sensitization is not as well

understood as most others but is under

active investigation. Hagfeldt and

Boschloo recently published an excel-

lent review of this subject.18

Early work by Memming and others

showed that Ru(II) polypyridyl coordina-

tion compounds were efficient and ro-

bust sensitizers.7 Goodenough later re-

ported that carboxylic acid groups

present in the 4- and 4=-positions of bi-

pyridine, dcb is 4,4=-(COOH)2-2,2=-
bipyridine, provided strong coupling to

the TiO2 surface.8 These coordination

compounds were, however, mainly se-

lected for water splitting.

The development of sensitizers with

appropriate redox potentials for

excited-state injection and iodide oxida-

tion that harvest large fractions of the

solar spectrum was yet again advanced

tremendously by Grätzel and his co-

workers, particularly Dr. Md. K.

Nazeeruddin. In 1994, they reported

the synthesis and application of the

now gold standard cis-Ru(dcb)2(NCS)2

or N3 sensitizer.19 At the time, it pro-

vided unparalleled efficiency and stabil-

ity when utilized in dye-sensitized solar

cells. The presence of low-lying metal-

to-ligand charge transfer (MLCT) excited

states resulted in broad absorption

bands that harvest light throughout

the visible region to �800 nm. Since

1994, optimization of the protonation

state (N719), surface orientation (Z907),

extinction coefficient (C101), and spec-

tral harvesting (black dye) have oc-

curred, but the general Ru(NCS)x core

remains unchanged (Figure 3). Indeed,

all confirmed efficiencies greater than

10% have utilized such sensitizers with

I�/I3
� redox mediators.11

Figure 3. Chemical structures and common abbreviations of some historically successful sensitizers for practical dye-sensitized solar
cells.

The key breakthrough for

practical application

provided by Grätzel was to

abandon completely the

use of planar electrodes.
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Future Directions toward More Widespread
Application. A useful method of viewing

sensitization of TiO2 by an N3-type

compound is through the “sensitization

cycle” shown in Figure 4.20 Each surface-

anchored sensitizer rapidly and quanti-

tatively undergoes three consecutive

charge-transfer reactions: (1) MLCT exci-

tation, (2) excited-state electron injec-

tion into TiO2, and (3) reduction via io-

dide oxidation. In principle, immediately

after completion of this cycle, the sensi-

tizer is “regenerated” and could repeat

the sensitization cycle of light absorp-

tion, excited-state injection, and donor

oxidation. While irradiated with 1 sun of

air mass 1.5 sunlight, each sensitizer re-

peats this cycle on average about twice

per second. At the condition of maxi-

mum power generation, approximately

10 injected electrons have been esti-

mated to reside in each TiO2 nanocrys-

tallite. Not shown, but necessary for en-

ergy conversion, is transport of the

injected electron21�23 through the

mesoporous thin film to the external cir-

cuit with eventual arrival at the counter

electrode where it uses its remaining

free energy to reduce triiodide.

The pioneering flash photolysis stud-

ies of Grätzel and co-workers first

showed that MLCT excited-state injec-

tion was orders of magnitude faster

than charge recombination kinj/kcr �

1000, behavior that is ideal for solar-

energy conversion applications.14,24 If,

for example, the injected electron re-

turned to the oxidized sensitizer as rap-

idly as it was injected, there would be

no time for iodide oxidation and no sus-

tained photocurrent would be mea-

sured. Grätzel’s sensitization studies

with short-lived excited states, such as

cis- Ru(dcb)2(H2O)2
2�, suggested early

on that excited-state injection occurred

on at least the picosecond time scale.25

There now exists compelling evidence

for ultrafast excited-state injection oc-

curring on a femto- to picosecond time

scale under many experimental

conditions.26�30 The origin of the dispar-

ity in the forward and reverse electron-

transfer rates is also now better under-

stood and reflects differences in the

molecular orbitals, driving forces, and

mechanisms of the reactions.31�33 While

these mechanistic studies are of inter-

est in their own right, their relevance to

the operational solar cell is

doubtful,26�33 as the measurements

were made in the absence of iodide un-

der very different experimental condi-

tions. In situ mechanistic studies are on-

going, however; as the dye-sensitized

solar cell continues to evolve, the goal

of working on the “true” solar cell be-

comes somewhat of a moving target. To

build on the success of the dye-

sensitized solar cell and develop low-

cost architectures for solar-energy con-

version and storage is just one of many

motivations for understanding the

interfacial sensitization cycle in precise

molecular detail.

An examination of Table 1 shows

that the kinetics for electron transfer in

dye-sensitized solar cells are already

well optimized: absorbed photons are

nearly quantitatively converted to elec-

trical current. Therefore, the only obvi-

ous means of photocurrent improve-

ment is to harvest a larger fraction of

the solar spectrum. In this regard, the

so-called “black dye”34 and the novel

Os(II) polypyridyl compounds devel-

oped by Bignozzi and co-workers35 are

of particular note as they have sensi-

tized TiO2 into the near-infrared region.

The kinetics are well optimized in

dye-sensitized solar cells, but Table 1 re-

veals that the thermodynamics are not.

Less than half of the free energy stored

in the MLCT excited state is captured as

open-circuit photovoltage, Voc. The Voc

represents the maximum Gibbs free en-

ergy that a regenerative solar cell can

produce under steady-state illumina-

tion. With the known ultrafast injection

from nonrelaxed excited states, it may

one day be possible to exceed the well-

known Shockley�Queisser limit with

dye-sensitized solar cells and realize Voc

values that exceed that stored in the

thermally equilibrated excited state of

the sensitizer.36,37 At a minimum, values

of Voc � 1.5 V should be obtainable and

would double the efficiency of the so-

lar cells provided that the photocurrent

and fill factor remained the same. Much

of the potential energy loss has been at-

tributed to the I�/I3
� redox media-

tors,18 and considerable effort has been

made to identify alternative

mediators.38�40 Inorganic and poly-

meric hole conductors appear to have

significant potential that may one day

eliminate the need for a liquid

junction.41,42

The use of less expensive compo-

nents and fewer processing steps may

also enhance prospects for more wide-

spread practical application. Alternative

metal oxide materials and sensitizers

Figure 4. Light absorption, excited-state injection, and iodide oxidation termed the “sensitization cycle”. In the operational dye-sensitized
solar cell, under 1 sun, AM 1.5 spectral irradiance, each sensitizer repeats this sensitization cycle roughly twice per second and is limited
only by the solar flux. Also shown is unwanted charge recombination of the injected electron with the oxidized sensitizer.
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represent active areas of research inves-

tigations. Recently, there have been

some breakthroughs using sensitizers

based on organic or first-row transition

metal compounds.43�47 The efficiency

from quantum-dot sensitizers48,49 has

also improved, and their spectral re-

sponse can be tuned with size.50 Quan-

tum dots capable of multiple exciton

generation could one day enhance

power conversion efficiency above the

�30% Shockley�Queisser limit while at

the same time lowering cost.51

CONCLUSION
The 2010 Millennium Technology

Grand Prize was awarded to Professor

Michael Grätzel for his ground-breaking

research that has led to the practical ap-

plication of dye-sensitized solar cells.

There is every reason to believe that the

cost and efficiency of dye-sensitized so-

lar cells will continue to improve.52

Grätzel has dedicated much of his time

and effort to this cause and has been at

the forefront of every significant ad-

vance in the field. He has taken what

was once an object of academic curios-

ity and turned it into a worldwide effort

with industrial production now under-

way. Furthermore, he has provided a

path forward with molecules interfaced

to nanomaterials that chemists can ex-

ploit to provide sustainable solar energy

for future generations. As the

Millennium International Selection

Committee correctly deduced, our com-

munity owes him a great deal for this.
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