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Abstract The aim of this chapter is to give an in-depth analysis of transition metal com-
plexes that are useful in conversion of solar energy into electricity, and in organic light
emitting diodes. In the first part we discuss the historical background of sensitization
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phenomenon, operating principles of dye-sensitized solar cells, tuning of photophysi-
cal and electrochemical properties of sensitizers, evolution of photovoltaic performance,
present status and future prospects for dye-sensitized solar cells. In the second part,
we elucidate the modulation of phosphorescent color and quantum yields in neutral,
cationic, and anionic iridium complexes and their application in light emitting devices.

Keywords Dye-sensitized solar cells · Iridium triplet emitters ·
Light emitting electrochemical cells · OLED · Photovoltaic · Ruthenium sensitizers

Abbreviations
CIGS Copper indium gallium selenide
dcbiq 4,4′-Dicarboxy-2,2′-biquinoline
dcbpy 4,4′-Dicarboxy-2,2′-bipyridine
DSC Dye-sensitized solar cell
Fc+/0) Ferrocenium/ferrocene
FF Fill factor
HOMO Highest occupied molecular orbitals
IPCE Incident monochromatic photon-to-current conversion efficiency
LUMO Lowest unoccupied molecular orbitals
MLCT Metal-to-ligand charge transfer
OLED Organic light emitting diode
ppy 2-Phenylpyridine
SCE Saturated calomel electrode
UV-Vis Ultraviolet-visible
Jsc Short circuit current
Voc Open-circuit potential

1
Dye-Sensitized Solar Cells

1.1
History of Dye Sensitization

The history of the sensitization of semiconductors to light of wavelength
longer than that corresponding to the band gap is an interesting convergence
of photography and photoelectrochemistry, both of which rely on photoin-
duced charge separation at a liquid–solid interface [1]. The silver halides used
in photography have band gaps of the order of 2.7–3.2 eV and are therefore
insensitive towards much of the visible spectrum, as are the metal oxide films
now used in dye-sensitized solar cells.

The first panchromatic film, able to render the image of a scene realistically
into black and white, followed on the work of Vogel in Berlin after 1873, [2] in
which he associated dyes with the halide semiconductor grains. The first sen-
sitization of a photoelectrode was reported shortly thereafter, using a similar
chemistry [3]. However, the clear recognition of the parallels between the
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two procedures – a realization that the same dyes in principle can function
in both systems [4] and a verification that their operating mechanism is by
injection of electrons from photoexcited dye molecules into the conduction
band of the n-type semiconductor substrates – date to the 1960s [5]. In subse-
quent years the idea developed that the dye could function most efficiently if
chemisorbed on the surface of the semiconductor [6, 7]. The concept of using
dispersed particles to provide a sufficient interface area emerged [8], and was
subsequently employed for photoelectrodes [9].

Titanium dioxide became the semiconductor of choice for the photoelec-
trode. The material has many advantages for sensitized photochemistry and
photoelectrochemistry: it is a low cost, widely available, nontoxic and bio-
compatible material, and as such is even used in health care products as
well as in domestic applications such as paint pigmentation. Initial studies
employed [Ru(4,4′-dicarboxylic acid 2,2′-bipyridine ligand)3] (1) as the sensi-
tizer for photochemical studies. Progress thereafter, until the announcement
in 1991 [10] of a sensitized electrochemical photovoltaic device with a conver-
sion efficiency of 7.1% under solar illumination, was incremental, through the
combining of a synergy of structure, substrate roughness and morphology,
dye photophysics, and electrolyte redox chemistry. That evolution has contin-
ued progressively since then, with certified efficiencies now over 11% [11].

The dye-sensitized solar cell technology developed at the EPFL contains
broadly five components:

1. Conductive mechanical support
2. Semiconductor film
3. Sensitizer
4. Electrolyte containing I–/I3

– redox couple
5. Counter electrode with a triodide reduction catalyst

A cross-section of the dye-sensitized solar cell is shown in Fig. 1. The total ef-
ficiency of the dye-sensitized solar cell depends on the optimization and com-
patibility of each of these constituents [12]. To a large extent, the nanocrys-

Fig. 1 Schematic representation of the cross-section of a dye-sensitized solar cell
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talline semiconductor film technology along with the dye spectral responses
is mainly responsible for the high efficiency [12]. A way to successfully trap
solar radiation is by a sensitizer molecule anchored to a rough titania surface,
analogous to the light-absorbing chlorophyll molecule found in the nature.
The high surface area and the thickness of the semiconductor film yield in-
creased dye optical density resulting in efficient light harvesting [13].

1.2
Operating Principles of the Dye-Sensitized Solar Cell

The details of the operating principles of the dye-sensitized solar cell are given
in Fig. 2. The photoexcitation of the metal-to-ligand charge transfer (MLCT)
of the adsorbed sensitizer (Eq. 1) leads to injection of electrons into the con-
duction band of the oxide (Eq. 2). The oxidized dye is subsequently reduced
by electron donation from an electrolyte containing the iodide/triiodide redox
system (Eq. 3). The injected electron flows through the semiconductor network
to arrive at the back contact and then through the external load to the counter

Fig. 2 Operating principles and energy level diagram of dye-sensitized solar cell. S/S+/S∗
represent the sensitizer in the ground, oxidized, and excited state, respectively. R/R–

represent the redox mediator (I–/I3
–)
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electrode. At the counter electrode, reduction of triiodide in turn regenerates
iodide (Eq. 4), which completes the circuit. With a closed external circuit and
under illumination, the device then constitutes a photovoltaic energy conver-
sion system, which is regenerative and stable. However, there are undesirable
reactions, which are that the injected electrons may recombine either with ox-
idized sensitizer (Eq. 5) or with the oxidized redox couple at the TiO2 surface
(Eq. 6), resulting in losses in the cell efficiency.

S(adsorbed on TiO2) + hν → S∗(adsorbed on TiO2) (1)

S∗(adsorbed on TiO2) → S+(adsorbed on TiO2) + e–(injected)
(2)

S+(adsorbed on TiO2) + 3/2I– → S(adsorbed on TiO2) + 1/2I–
3 (3)

I–
3 + 2e–(cathode) → 3I–(cathode) (4)

S+(adsorbed on TiO2) + e–(TiO2) → S(adsorbed on TiO2) (5)

I–
3 + 2e–(TiO2) → 3I–(anode) . (6)

At the heart of the system is a mesoporous oxide layer composed of
nanometer-sized particles, which have been sintered together to allow elec-
tronic conduction to take place. The material of choice has been TiO2
(anatase) although alternative wide band gap oxides such as ZnO, SnO2 and
Nb2O5 have also been investigated. Attached to the surface of the nanocrys-
talline film is a monolayer of a sensitizer. The high surface area of the meso-
porous metal oxide film is critical to efficient device performance as it allows
strong absorption of solar irradiation to be achieved by only a monolayer of
adsorbed sensitizer. The use of a dye monolayer avoids any requirement for
excited state (or “exciton”) diffusion to the dye/metal oxide interface. It also
avoids the acceleration in non-radiative excited state decay to ground state
that is often associated with thicker molecular films. The use of a mesoporous
film results in a dramatic enhancement of the interfacial surface area by more
than 1000-fold for a 10 mm thick film. This leads to high visible light ab-
sorbance from the monolayer of adsorbed dye (a dye monolayer adsorbed to
a flat interface exhibits only negligible light absorption as the optical absorp-
tion cross-sectional area for molecular dyes are typically two to three orders
of magnitude smaller than their physical cross-sections). The high surface
area of such mesoporous films does however have a significant downside, as
it also enhances interfacial charge recombination losses, a topic we return to
in more detail in Sect. 1.5.1.4.

1.3
Device Fabrication

Dye-sensitized solar cells are typically fabricated upon transparent conduct-
ing glass substrates, enabling light irradiance through this substrate under



118 M.K. Nazeeruddin · M. Grätzel

photovoltaic operation. The conductive coating typically used is fluorine-
doped SnO2 (fluorine tin oxide, FTO), preferred over its indium-doped ana-
logue (ITO) for reasons of lower cost and enhanced stability. Prior to deposi-
tion of the mesoporous TiO2 film, a dense TiO2 film may be deposited to act
as a hole-blocking layer, preventing recombination (shunt resistance) losses
between electrons in the FTO and oxidized redox couple.

The TiO2 nanoparticles are typically fabricated by the aqueous hydrolysis
of titanium alkoxide precursors, followed by autoclaving at temperatures of
up to 240 ◦C to achieve the desired nanoparticle dimensions and crystallinity
(anatase) [14]. The nanoparticles are deposited as a colloidal suspension by
screen printing or doctor blading, followed by sintering at ∼ 450 ◦C to en-
sure good interparticle connectivity. The porosity of the film is controlled
by the addition of an organic filler (e.g., carbowax) to the suspension prior
to deposition; this filler is subsequently burnt off during the sintering step.
Figure 3 shows a scanning electron micrograph of a typical mesoporous
TiO2 film. Typical film thicknesses are 5–20 µm, with TiO2 mass of about
1–4 mg cm–2, film porosity 50–65%, average pore size 15 nm, and particle
diameters 15–20 nm.

The classic sensitizer dye employed in DSC is a Ru(II) bipyridyl dye, cis-
bis(isothiocyanato)-bis(2,2′-bipyridyl-4,4′-dicarboxylato)-Ru(II), often re-
ferred to as “N3”, or in its partially deprotonated form (a di-tetrabutyl-
ammonium salt) as N719. The structure of these dyes are shown in 2 and
26. The incorporation of carboxylate groups allows immobilization of sen-
sitizer to the film surface via the formation of bidendate coordination and
ester linkages, whilst the (– NCS) groups enhance the visible light absorp-
tion. Adsorption of the dye to the mesoporous film is achieved by simple
immersion of the film in a solution of dye, which results in the adsorption
of a dye monolayer to the film surface. The counter electrode is fabricated
from FTO-coated glass, with the addition of a Pt catalyst to catalyze the reduc-

Fig. 3 Scanning electron microscope image of a typical mesoscopic TiO2 film employed
in DSC. Note the bipyramidal shape of the particles having (101) oriented facets exposed.
The average particle size is 20 nm
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tion of the triiodide at this electrode. Electrical contact between working and
counter electrode is achieved by the redox electrolyte, with capillary forces
being sufficient to ensure that the electrolyte efficiently penetrates the film
pores.

1.4
Incident Photon to Current Efficiency and Open Circuit Photovoltage

The incident monochromatic photon-to-current conversion efficiency (IPCE),
defined as the number of electrons generated by light in the external cir-
cuit divided by the number of incident photons as a function of excitation
wavelength, is expressed in Eq. 7 [15]. The open-circuit photovoltage is de-
termined by the energy difference between the Fermi level of the solid under
illumination and the Nernst potential of the redox couple in the electrolyte
(Fig. 2). However, the experimentally observed open-circuit potential for var-
ious sensitizers is smaller than the difference between the conduction band
edge and the redox couple, probably due to the competition between elec-
tron transfer and charge recombination pathways. Knowledge of the rates and
mechanisms of these competing reactions are vital for the design of efficient
sensitizers and, thereby, improvement of the solar devices [16–18].

IPCE =
[(1.25×103)× photocurrent density [mA cm–2]]

[wavelength [nm] × photon flux [W m–2]]
. (7)

Power output from the DSC requires not only efficient charge collection by
the electrodes, but the generation of a photovoltage corresponding to a free
energy difference between the working and counter electrodes. In the dark
at equilibrium, the Fermi energy of the TiO2 electrode (corresponding to the
free energy of electrons in this film after thermalization) equilibrates with
the midpoint potential of the redox couple, resulting in zero output voltage.
Under these conditions, the TiO2 Fermi level lies deep within the band gap
of the semiconductor, and the film is effectively insulating, with a negligi-
ble electron density in the TiO2 conduction band. Photoexcitation results in
electron injection into the TiO2 conduction band and the concomitant hole
injection into (oxidation of) the redox electrolyte. The high concentrations
of oxidized and reduced redox couple present in the electrolyte in the dark
mean that this photoxidation process does not result in a significant change
in chemical potential of the electrolyte, which remains effectively fixed at its
dark, resting value. In contrast, electron injection into the TiO2 conduction
band results in a dramatic increase in electron density (from the order of
1013 cm–3 to 1018 cm–3), raising the TiO2 Fermi level (technically the elec-
tron quasi-Fermi level) towards the conduction band edge, and allowing the
film to become conducting. This shift of the TiO2 Fermi level under irradi-
ation increases the free energy of injected electrons and is responsible for the
generation of the photovoltage in the external circuit.
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The midpoint potential of the redox couple is given by the Nernst equa-
tion, and is therefore dependent upon the relative concentrations of iodide
and iodine. The concentrations of these species required for efficient device
function are in turn constrained by kinetic requirements of dye regeneration
at the working electrode, and iodide regeneration at the counter electrode,
as discussed below. Typical concentrations of these species are in the range
0.5–1.2 M iodide and 10–200 mM iodine, constraining the midpoint poten-
tial of this electrolyte to ∼ 0.4 V vs NHE. It should furthermore be noted that
in the presence of excess iodide, the iodine is primarily present in the form
I3

–, resulting in this electrolyte often being referred to as an iodide/triiodide
redox couple.

The overall conversion efficiency (η) of the dye-sensitized solar cell is de-
termined by the photocurrent density (jph), the open circuit potential (Voc),
the fill factor (FF) of the cell and the intensity of the incident light (Is),
(Eq. 8) [19].

ηglobal = jphVocFF/Is (8)

1.5
Molecular Sensitizers

The photophysical and photochemical properties of 4d and 5d metal com-
plexes containing polypyridyl ligands have been thoroughly investigated over
the last three decades. The main thrust behind these studies was to un-
derstand the energy and electron transfer processes in the excited states
and to apply this knowledge to potential practical applications such as dye-
sensitized solar cells, organic light-emitting diodes, and light-emitting elec-
trochemical cells. Particularly, there is currently considerable interest in
Ru(II) polypyridyl complexes because of their applications in nanocrystalline
TiO2-based solar cells [20–23]. The choice of Ru metal is of interest for
a number of reasons:

• Because of its octahedral geometry specific ligands can be introduced in
a controlled manner

• The photophysical and electrochemical properties of Ru complexes can be
tuned in a predictable way

• The Ru metal center possess stable and accessible oxidation states from I
to III

The ground and the excited state electrochemical and photophysical proper-
ties of these complexes play an important role in the charge transfer dynamics
at the interfaces.

The optimal sensitizer for the dye-sensitized solar cell should be panchro-
matic, i.e., absorb visible light of all colors. Ideally, all photons below a thresh-
old wavelength of about 920 nm should be harvested and converted to electric
current. This limit is derived from thermodynamic considerations, showing
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that the conversion efficiency of any single-junction photovoltaic solar con-
verter peaks at approximately 33% near a threshold energy of 1.4 eV [24, 25].
Also, the sensitizer should have suitable ground and excited state redox
properties, and interlocking groups for grafting the dye on the semiconduc-
tor surface. These ascertain intimate electronic coupling between its excited
state wave function and the conduction band manifold of the semiconduc-
tor [26, 27].

Molecular engineering of Ru complexes that can act as panchromatic
charge transfer sensitizers for TiO2-based solar cells presents a challenging
task as several requirements have to be fulfilled by the dye that are very dif-
ficult to be met simultaneously. The lowest unoccupied molecular orbitals
(LUMO) and the highest occupied molecular orbitals (HOMO) have to be
maintained at levels where photoinduced electron transfer in the TiO2 con-
duction band and regeneration of the dye by iodide can take place at practi-
cally 100% yield. This greatly restricts the options available to accomplish the
desired red shift of the MLCT transitions to about 900 nm.

The spectral and redox properties of Ru polypyridyl complexes can be
tuned in two ways. Firstly, by introducing a ligand with a low-lying π∗ mo-
lecular orbital and secondly by destabilization of the metal t2g orbital through
the introduction of a strong donor ligand. Meyer et al. have used these strate-
gies to considerably tune the MLCT transitions in Ru complexes [28]. Het-
eroleptic complexes containing bidentate ligands with low-lying π∗ orbitals,
together with others having strong σ donating properties, indeed show im-
pressive panchromatic absorption properties. However, the extension of the
spectral response into the near IR was gained at the expense of shifting the
LUMO to lower levels, from where charge injection into the TiO2 conduction
band can no longer occur [29].

Near-infrared response can also be gained by upward shifting of the Ru t2g
(HOMO) levels. However, it turns out that the mere introduction of strong
σ donor ligands into the complex often does not lead to the desired spectral
result as both the HOMO and LUMO are displaced in the same direction. Fur-
thermore, the HOMO position cannot be varied freely as the redox potential
of the dye must be maintained sufficiently positive to ascertain rapid regener-
ation of the dye by electron donation from iodide following charge injection
into the TiO2. Therefore, the optimum Ru polypyridyl complexes should ex-
hibit excited state oxidation potential of at least – 0.9 V vs. SCE, in order to
inject electrons efficiently into the TiO2 conduction band [30]. The ground
state oxidation potential should be about 0.5 V vs. SCE in order to be re-
generated rapidly via electron donation from the electrolyte (iodide/triiodide
redox system or a hole conductor). A significant decrease in electron injec-
tion efficiencies will occur if the excited and ground state redox potentials
are lower than these values. To trap solar radiation efficiently in the visible
and the near-infrared region of the solar spectrum requires engineering of
sensitizers at a molecular level [30].
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1.5.1
Modulation of Sensitizer’s Spectral Response

Ruthenium complexes show strong visible bands due to charge transfer tran-
sition from metal t2g (HOMO) orbitals to π∗ (LUMO) orbitals of the ligand.
From spectroscopic and electrochemical studies of polypyridyl complexes of
Ru, it has been concluded that the oxidation and reduction potentials are the
best indicators of the energy levels of the HOMO and LUMO [31]. The energy
gap between the metal t2g orbitals and π∗ orbitals can be reduced either by
raising the energy of the t2g or by decreasing the energy of the π∗ orbitals
with donor acceptor ligands, respectively (Fig. 4). In the following sections we
will discuss the ways to tune HOMO and LUMO energy levels by introducing
various ligands.

Fig. 4 Schematic representation of tuning the HOMO (t2g) and LUMO (π∗) orbital ener-
gies

1.5.1.1
Spectral Tuning in “Push–Pull” Type of Complexes

The lowest energy MLCT transition of Ru polypyridyl complexes of the
type tris-[Ru(4,4′-dicarboxy-2,2′-bipyridine)3] (1), can be lowered so that it
absorbs more in the red region of the visible spectrum by replacing one
4,4′-dicarboxy-2,2′-bipyridine (dcbpy) with two thiocyanate donor ligands
[Ru(dcbpy)2(NCS)2] (2). In complex 2, the two 4,4′-dicarboxylic acid 2,2′-
bipyridine ligands pull while the two thiocyanate donor ligands push elec-
trons. The oxidation potential of the complex 2 is 0.85 V vs. SCE, which is
cathodically shifted significantly (0.65 V vs. SCE) compared to the homoleptic
type of complex 1, which shows Ru(III/II) couple at 1.5 V vs. SCE. Thus, the
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energy of the HOMO is varied 0.65 V, by replacing one 4,4′-dicarboxylic acid
2,2′-bipyridine with two thiocyanate ligands.

Figure 5 shows the absorption spectra of complexes 1 and 2, which ex-
hibit maxima at 465 nm, and 535 nm, respectively. It is interesting to note the
magnitude of the spectral shift for the lowest energy charge transfer transi-
tion, i.e., ≈ 0.35 eV, and the shift in the oxidation potential, ≈ 0.65 eV. This
clearly shows that the HOMO tuning is not all translated into the spectral
shift of the complex. The apparent 0.3 eV difference is involved in raising the
energy of the π∗ orbitals of the pulling ligands caused by the pushing lig-
ands [32]. In complex 2, the purpose of incorporating carboxylic acid groups
in the 4,4′-position of 2,2-bipyridine ligand is twofold: to graft the dye on

Fig. 5 Comparison of absorption spectra of complexes 1 and 2
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the semiconductor surface, and to provide intimate electronic coupling be-
tween its excited state wave-function and the conduction band manifold of
the semiconductor. The role of the thiocyanato ligands is to tune the metal t2g
orbitals of Ru(II) and possibly to stabilize the hole that is being generated on
the metal, after having injected an electron into the conduction band.

The other interesting class of compounds, which contains donor and ac-
ceptor groups in the same hybrid ligand such as 2,6-bis(1-methylbenzimid-
azol-2′-yl)-pyridine (3–7). The hybrid ligand in these complexes contains
donor (benzimidazol-2′-yl) and acceptor groups and was further tuned by
introducing different substituents on the benzimidazol-2′-yl group. The com-
plexes containing these ligands show intense UV absorption bands at 362 and
346 nm due to intraligand π–π∗ transition of 2,6-bis(1-methylbenzimidazol-
2′-yl)-pyridine, which acts as a UV filter in dye-sensitized solar cells [33].

The MLCT bands of these complexes are broad and red-shifted by 140 nm,
compared to the complex 1. The lowest-energy MLCT transitions within this
series were shifted from 486 to 608 nm, and the HOMO level varied over an
extent of 0.45 V vs SCE. The energy of the MLCT transition in these com-
plexes decreases with the decrease in the π-acceptor strength of the ancillary
ligand, i.e., CN–, NCS–, H2O, or Cl–. The red shift of the absorption max-
ima in complexes containing 4,4′-dicarboxy-2,2-biquinoline (dcbiq) (7) as
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opposed to complex 5 (which contains dcbpy) is due to the low-lying π∗
orbitals of dcbiq. The resonance Raman spectra of these complexes for exci-
tation at 568 nm show predominantly bands associated with the dcbpy and
dcbiq ligands, indicating that the lowest excited state is a metal-to-dcbpy or
dcbiq ligand charge transfer state [34].

1.5.1.2
Influence of Nonchromophoric Ligands on MLCT Transitions

In this section we will compare the spectral response of the two complexes
of the type [Ru(P-terpy)(Me2bpy)(NCS)] (8), and ((C4H9)4N)2[RuL(NCS)3]
(9) (P-terpy = 4-phosphonato-2,2′:6′,2′′-terpyridine, Me2bpy = 4,4′-dimethyl-
2,2′-bipyridine, L′ = 4,4′,4′′-tricarboxy-2,2′:6′,2′′-terpyridine), where the
number of nonchromophoric ligands such as NCS– changed from one to
three. The MLCT transition maxima of complexes 8 and 9 are at 500 and
620 nm, respectively. The 120-nm red shift of complex 9 compared to complex
8 is due to an increase in the energy of the metal t2g orbitals caused by in-
troducing nonchromophoric ligands. The electrochemical data are consistent
with the above assignments [35, 36].

1.5.1.3
Geometrical Isomers

Isomerization is another approach for tuning the spectral properties of metal
complexes [37–39]. The UV-Vis absorption spectrum of the trans-dichloro
complex (10) in dimethylformamide (DMF) solution shows at least three
MLCT absorption bands in the visible region at 690, 592, and 440 nm. On
the other hand, the cis-dichloro complex (11) in DMF solution shows only
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two distinct broad bands in the visible region at 590 and 434 nm, which
were assigned to MLCT transitions. The lowest energy MLCT band in trans-
dithiocyanate complex (12) is significantly red-shifted compared to the cor-
responding cis-complex (2) (Fig. 6). This red shift is due to stabilization of
the LUMO of the dcbpy ligand in the trans species relative to the cis species.
The red shift (108 nm) of the lowest energy MLCT absorption in the spec-
trum of the trans-dichloro complex compared to the spectrum of the trans-

Fig. 6 UV-Vis absorption spectra of cis-, and trans-bis(4,4′-dicarboxy-2,2′-bipyridine)
Ru(II)(NCS)2 complexes
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dithiocyanato is due to the strong σ donor property of the Cl– compared to
the NCS– ligand. The chloride ligands cause destabilization of the metal t2g
orbitals, and raise them in energy relatively closer to the ligand π∗ orbitals,
resulting in a lower energy MLCT transition.

1.5.1.4
Hydrophobic Sensitizers

The other important aspect in dye-sensitized solar cells is water-induced de-
sorption of the sensitizer from the TiO2 surface. Extensive efforts have been
made in our laboratory to overcome this problem by introducing hydrophobic
properties in the ligands 13–17. The absorption spectra of these complexes
show broad features in the visible region and display maxima around 530 nm.
The performance of these hydrophobic complexes as charge transfer photo-
sensitizers in nanocrystalline TiO2-based solar cells shows excellent stability
towards water-induced desorption [36].

The rate of electron transport in dye-sensitized solar cells is a major elem-
ent of the overall efficiency of the cells. The injected electrons into the con-
duction band, from optically excited dye, can traverse the TiO2 network and
can be collected at the transparent conducting glass or can react either with
oxidized dye molecule or with the oxidized redox couple (recombination).
The reaction of injected electrons into the conduction band with the oxidized
redox mediator gives undesirable dark currents, reducing significantly the
charge-collection efficiency, and thereby decreasing the total efficiency of the
cell (Fig. 7).

Several groups have tried to reduce the recombination reaction by using
sophisticated device architecture such as composite metal oxides as the semi-
conductor with different band gaps [40, 41]. Gregg et al. have examined sur-
face passivation by deposition of insulating polymers [42]. We have studied
the influence of spacer units between the dye and the TiO2 surface with little
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Fig. 7 Illustration of the interfacial charge transfer processes in nanocrystalline dye-
sensitized solar cell. S/S+/S∗ represents the sensitizer in the ground, oxidized and excited
state, respectively. Visible light absorption by the sensitizer (1) leads to an excited
state, followed by electron injection (2) into the conduction band of TiO2. The oxidized
sensitizer (3) gets reduced by I–/I3

– redox couple (4). The injected electrons into the con-
duction band may react either with the oxidized redox couple (5) or with oxidized dye
molecule (6)

success [30]. Nevertheless, by using TiO2 films containing hydrophobic sen-
sitizers that contain long aliphatic chains (13–17) the recombination reaction
was suppressed considerably [43, 44]. The most likely explanation for the re-
duced dark current is that the long chains of the sensitizer interact laterally
to form an aliphatic network, as shown in Fig. 8, thereby preventing triiodide
from reaching the TiO2 surface.

1.5.1.5
High Molar Extinction Coefficient Sensitizers

Complex 2 has become a paradigm in the area of dye-sensitized nanocrys-
talline TiO2 films [45]. In spite of this, the main drawback of this sensitizer
is the lack of absorption in the red region of the visible spectrum and also
a relatively low molar extinction coefficient. Therefore, a new series of high
molar extinction coefficient sensitizers (18–20) featuring alkyloxy groups has
been synthesized and utilized in dye-sensitized solar cells. The purpose of the
4,4′-di-(2-(3,6-dimethoxyphenyl)ethenyl)-2,2′ -bipyridine ligand, which con-
tains extended π-conjugation with substituted methoxy groups, is to enhance
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Fig. 8 Pictorial representation of the blocking of the oxidized redox couple I3
– from reach-

ing the surface of TiO2 for conduction band electrons using hydrophobic sensitizers,
which form an aliphatic network

the molar extinction coefficient of the sensitizers, and furthermore to provide
directionality in the excited state by fine tuning the LUMO level of the ligand
with the electron-donating alkoxy groups.
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The absorption spectra of complexes 18–20 are dominated by the MLCT
transitions in the visible region, and the lowest allowed MLCT bands ap-
pearing at 400 and 545 nm. The molar extinction coefficients of these bands
are close to 35 000 and 19 000 M–1cm–1, respectively, which are signifi-
cantly higher than those of the standard sensitizer cis-dithiocyanatobis(4,4′-
dicarboxy-2,2′-bipyridine)Ru(II), (2) (Fig. 9).

Figure 10 shows an INDO/S and DFT (density functional theory) study
of the electronic and optical properties of complexes 18–20. The theoretical
data point to the top three frontier-filled orbitals having essentially Ru 4d
(t2g in octahedral group) character with sizable contribution coming from
the NCS ligand orbitals [46]. Most critically, the calculations reveal that for
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Fig. 9 Comparison of absorption spectra of complexes 2 and 20 in ethanol

Fig. 10 Molecular orbital energy diagram of complexes 2, 18, and 20 compared to that of
a TiO2 nanoparticle model. HOMO–LUMO gaps (eV) and lowest TDDFT excitation ener-
gies (eV, data in parenthesis) are reported together with isodensity plots of the HOMO-3,
HOMO, and LUMO of complex 20
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the TiO2-bound sensitizers 18–20, excitation directs charge into the carboxyl-
bipyridine ligand bound to the TiO2 surface. The photovoltaic data of these
sensitizers using an electrolyte containing 0.60 M butylmethylimidazolium
iodide (BMII), 0.03 M I2, 0.10 M guanidinium thiocyanate and 0.50 M tert-
butylpyridine in a mixture of acetonitrile and valeronitrile (volume ratio:
85 : 15), exhibited a short circuit photocurrent density of 16.50±0.2 mA cm–2,
with an open circuit voltage of 790 ± 30 mV and a fill factor of 0.72 ± 0.03.
This corresponds to an overall conversion efficiency of 9.6% under standard
AM 1.5 sunlight and demonstrates stable performance under light and heat
soaking at 80 ◦C [47].

1.5.1.6
Sensitizers Containing Functionalized Hybrid Tetradentate Ligands

The main advantage of trans complexes 10 and 12 discussed above is their
panchromatic response, but the drawback is thermal and photoinduced iso-
merization back to the cis configuration. In an effort to stabilize the trans
configuration of an octahedral Ru complex and integrate the concepts of
donor and acceptor in a single complex, Renouard et al. and Barolo et al. have
developed functionalized hybrid tetradentate ligands and their Ru complexes
(21–24) [48, 49]. In these complexes the donor units of the tetradentate ligand
(benzimidazole in 21–22 and tert-butylpyridine in 23–24) tune the metal t2g
orbital energies, and the acceptor units (methoxycarbonyl) tune the π∗ mo-
lecular orbitals. The application of a tetradentate ligand will inhibit the trans
to cis isomerization process. The axial coordination sites are used to further
fine-tune the spectral and redox properties and to stabilize the hole that is
being generated on the metal during electron injection into the conduction
band.

The trans-dichloro and dithiocyanate complexes 21–24 show MLCT tran-
sitions in the entire visible and near IR region. The lowest energy MLCT
transition band of the trans-dichloro complexes 21 is around 700 nm in DMF
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solution and they show weak and broad emission signals with onset above
950 nm [48]. The absorption spectra of the trans-dithiocyanate complex 24
are blue-shifted with respect to its trans-dichloro analogues due to the weak σ

donor property of the NCS– compared to the Cl–, which is consistent with the
electrochemical data of these complexes. A comparison of absorption spectra
of complex 24 and complex 2 is shown in Fig. 11. The spectra are dominated
by features in the entire visible region at 382(sh), 465, 515, and 637 nm, which
are assigned as MLCT. The lowest energy MLCT band in complex 24 is red-
shifted by 107 nm when compared to the standard sensitizer 2 (see Fig. 11).

Fig. 11 UV-Vis absorption spectra of complexes 24 and 2 (concentration 3.5×10–5 M)
and N719 (concentration 2.0×10–5 M) measured in ethanol solution and their chemical
structures
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Figure 12 shows the cyclic voltammogram of complex 24. The Ru(III/II)
redox potentials of the thiocyanate complexes were more positive (by ≈
350 mV) than their corresponding dichloro complexes and show quasi-
reversible behavior [49]. This is in good agreement with the ligand electro-
chemical parameter scale, according to which the thiocyanate Ru(III/II) wave
should be ∼ 340 mV more positive than that of the dichloro species [50]. The
iox/ired peak current is substantially greater than unity due to the oxidation
of the thiocyanate ligand subsequent to the oxidation of the Ru(II) center. At
negative potentials an irreversible reduction wave (labeled as III in Fig. 12)
appeared at – 1.39 V, which is due to reduction of protons on the carboxylic
acid of 4,4′′′-di-(tert-butyl)-2,2′:6,2′′:6′′,2′′′-quaterpyridine-4′ ,4′′-dicarboxylic
acid [51]. The quasi-reversible wave at E1/2 = – 1.93 V vs. Fc is assigned to
the reduction of the 4,4′′′-di-(tert-butyl)-2,2′:6,2′′:6′′,2′′′-quaterpyridine-4′ ,4′′-

Fig. 12 Cyclic voltammogram of complex 24 in protonated (black line) and deprotonated
state (red line) measured in DMF solution containing 0.1 M TBA(PF6) using a glassy
carbon electrode with scan rate of 500 mV s–1. The redox couple labeled I is due to fer-
rocenium/ferrocene, which is used as an internal standard; II is Ru(III/II); III is proton
reduction and IV is due to ligand reduction. Insert shows differential pulse voltammo-
gram of complex 24 in the deprotonated state, measured in DMF solution containing
0.1 M TBA(PF6) using a glassy carbon electrode with ferrocene as an internal reference.
The direction of the change in electrode polarization is shown with arrows (from negative
to positive (red curve) and positive to negative potentials (black curve)), with a step po-
tential of 10 mV, modulation amplitude 25 mV, modulation time 0.05 s, and interval time
0.5 s
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dicarboxylic acid ligand (wave IV). Upon deprotonation of the complex by
treating with tetrabutylammonium hydroxide or by electrochemical reduc-
tion of protons to hydrogen the irreversible couple (wave III) disappeared, ac-
companied by a quasi-reversible wave IV. The ligand-based reduction couple
in the deprotonated form compares well with that of the protonated form.
Therefore, the origin of the irreversible peak is explicitly attributed to reduc-
tion of protons to hydrogen.

The electronic spectra of 24 were calculated by DFT/TDDFT and com-
pared with the experimental data. Geometry optimization of 24 produced
a structure with C2 point group symmetry [49]. The schematic isodensity
plots of the frontier orbitals of 24 are shown in Fig. 13. The seven HO-
MOs of 24 show contributions from both the Ru center and the SCN ligands
in variable percentages. In particular, the first two almost degenerate HO-
MOs, lying within 0.04 eV, are antibonding combinations of the Ru dxz and
dyz orbitals with the SCN π orbitals, while HOMO-2 and HOMO-4, lying
0.51 and 0.93 eV below the HOMO, respectively, are non-bonding dxy-SCN
π combinations. HOMO-3, lying 0.80 eV below the HOMO, is a pure SCN π

orbital, while the almost degenerate HOMO-5/HOMO-6 represent the bond-
ing counterpart of the dxz/dyz(Ru)-π(SCN) orbitals and lie 1.32 eV below the
HOMO. It is interesting to compare the electronic structure of complex 2 with
that of complex 24. Both complexes show seven highest HOMOs of mixed
Ru–SCN character.

The seven LUMOs of complex 24 are π∗ combinations localized on the
quaterpyridine ligand, while the LUMO+7 and LUMO+8 have dz2(Ru) and
dx2–y2(Ru) character, respectively, and lie ca. 0.8 eV above LUMO+6. The
LUMO/LUMO+2 are mainly localized on the portion of the ligand bearing the
COOH groups. In particular, the LUMO is localized on the pyridines bear-
ing the carboxylic groups and on the carbon–carbon bond connecting them.
The LUMO+1/LUMO+2, lying 0.55 eV above the LUMO, also have amplitudes
on the carbon–carbon bonds connecting the pyridines. The LUMO+3 and
LUMO+6, lying 1.27 and 2.06 eV above the LUMO, are completely delocal-
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Fig. 13 Isodensity plots of the frontier orbitals of complex 24

ized over the tetradentate ligand; the LUMO+4/LUMO+5, found 1.62 eV above
the LUMO, are localized on the two pyridine bearing the alkyl-substituted
groups. LUMO, LUMO+3, and LUMO+6 show contributions from the COOH
groups.

1.6
Surface Chelation of Polypyridyl Complexes onto the TiO2 Oxide Surface

The functional groups serve to anchor the dye onto the TiO2 films. The
grafting of polypyridyl complexes onto the oxide surface, which allows for
electronic communication between the complex and the substrate, is an im-
portant feature in dye-sensitized solar cells. Several Ru complexes containing
substituted groups such as carboxylic acid, hydroxamic acid dihydroxy, and
phosphonic acid on pyridine ligands are described [52–61]. These functional
moieties serve as an anchoring group to immobilize the complex on the
nanocrystalline TiO2 films. The immobilized sensitizer absorbs a photon to
produce an excited state, which transfers an electron onto the TiO2 conduc-
tion band. To achieve high quantum yields for electron injection, the dye
needs to be in intimate contact with the semiconductor surface to produce
close overlap of the ligand π∗ orbitals with the titanium 3d orbitals. The
values reached with Ru complexes that have carboxylic acid and phospho-



Transition Metal Complexes for Photovoltaic and Light Emitting Applications 137

nic acid groups are close to 100%. A quantum yield near unity implies that
the electron injection is at least a hundred times more rapid than the natural
decay time of the sensitizer, which is in the nanosecond range.

The interaction between the adsorbed sensitizer and the semiconductor
surface has been addressed using resonance Raman and FT-IR spectroscopy.
The carboxylic acid functional group could adsorb on the surface in a uniden-
tate, bidentate, or bridging fashion. Yanagida et al. concluded that the sensi-
tizer cis-dithiocyanato bis(2,2′-bipyridine-4,4′-dicarboxylate)Ru(II) (2) binds
to the surface using ester-like chelating linkages [62]. Finnie et al. have re-
ported that the sensitizer 2 anchors on the surface of TiO2 as a bidentate or
bridging mode using two carboxylate groups per dye [63]. However, Fillinger

Fig. 14 Possible anchoring modes for sensitizer 2 using carboxylate functional group on
TiO2 surface



138 M.K. Nazeeruddin · M. Grätzel

and Parkinson studied the adsorption behavior of the sensitizer 2 and found
that the initial binding involves one carboxylate, with subsequent additional
binding of two or more carboxylate groups on the surface [64].

Shklover et al. have reported the crystal structure and molecular dynam-
ics modeling of the sensitizer 2 with different anchoring types to the TiO2
anatase surface [65]. In their modeling the initial attachment of the dye is
a single bond A-type (Fig. 14). The main feature of this type of anchoring
is the great rotational freedom of the molecule, which leads to immediate
capture of another carboxylic group by a neighboring Ti atom, resulting in
anchoring B- and C-type (Fig. 14). When the sensitizer 2 anchors onto the
TiO2 surface, using both carboxylic groups of the same bipyridyl ligand, this
results in a two-bond anchoring of the D-type (Fig. 14). In E- and F-type
configuration, attachment occurs via two of its four carboxylic groups. The
carboxylic group either bridges two adjacent rows of titanium ions through
bidentate coordination or interact with surface hydroxyl groups through hy-
drogen bonds. The two remaining carboxylic groups remain in the proto-
nated state. Thermodynamically the bonding geometry of the E- and F-type
are most favorable. The ATR-FTIR data of the sensitizer 2 and its differ-
ent protonated forms adsorbed on TiO2 are consistent with the anchoring
of F-type where the sensitizer adsorbs on the surface using two carboxylic
groups as a bridging bidentate fashion, which are trans to the NCS lig-
ands [66].

1.6.1
Acid–Base Equilibria of cis-Dithiocyanato
Bis(2,2′-bipyridine-4,4′-dicarboxylate)Ru(II) Complex(2)

Understanding of the binding nature of sensitizers onto the TiO2 surface re-
quires detailed knowledge of the pKa’s of the sensitizer. Here we discuss pKa’s
of the sensitizer 2 and its implications for the adsorption studies. The ground
state pKa values of 2 were determined from the relationship between the
change in the optical density or the peak maximum with the pH for a given
wavelength [26]. The plot of λmax change vs. pH for 2 shows the expected
sigmoidal shape, with the pH at the inflection point giving two ground state
pKa values at 3 and 1.5 ± 0.1. In complex 2 there are two 4,4′-dicarboxy-
2,2′-bipyridine ligands that could give four separate acid–base equilibria, if
the dissociation is stepwise. On the other hand, if the dissociations were
simultaneous one would expect one equilibrium constant. The two separate
equilibria in complex 2, suggests that the pyridyl subunits are not equiva-
lent [66]. The stronger Lewis basicity of the thiocyanato compared to the
bipyridine ligand increases the pKa value of the pyridine carboxylic acid,
which is opposite to its own position in the octahedral complex, shifting its
pKa to a higher value than that of the second pyridine carboxylic acid, to
which it is connected.
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1.7
Photovoltaic Properties

The best photovoltaic performance, both in terms of conversion yield and
long term stability, has so far been achieved with polypyridyl complexes of
Ru in which two 2,2′-bipyridyl-4,4′-dicarboxylic acid and thiocyanate lig-
ands have been used. Thus, the Ru complex cis-RuL2(NCS)2 (1), known as
N3 dye, has become the paradigm of heterogeneous charge transfer sensi-
tizer for mesoporous solar cells [19] The fully protonated N3 has absorp-
tion maxima at 535 and 400 nm, the extinction coefficients being 1.45 and
1.41×104 M–1 cm–1, respectively. The complex emits at 750 nm with a life-
time of 60 ns. The optical transition has MLCT character: excitation of the dye
involves transfer of an electron from the metal to the π∗ orbital of the sur-
face anchoring carboxylated bipyridyl ligand. From here it is released within
femto- to picoseconds into the conduction band of TiO2, generating electric
charges with near-unit quantum yield.

1.7.1
Effect of Protons Carried by the Sensitizer on the Performance

In order to obtain high overall light to electric power conversion efficien-
cies, optimization of the short circuit photocurrent (isc) and open circuit
potential (Voc) of the solar cell is essential. The conduction band of the TiO2
is known to have a Nernstian dependence on pH [55, 67]. The fully pro-
tonated sensitizer 2, upon adsorption transfers most of its protons to the
TiO2 surface, charging it positively. The electric field associated with the
surface dipole generated in this fashion enhances the adsorption of the an-
ionic Ru complex and assists electron injection from the excited state of
the sensitizer into the titania conduction band, favoring high photocurrents
(18–19 mA cm–2). However, the open-circuit potential (0.65 V) is lower due
to the positive shift of the conduction band edge induced by the surface
protonation.

On the other hand, the sensitizer 25, which carries no protons, shows high
open-circuit potential compared to complex 2, due to the relative negative
shift of the conduction band edge induced by the adsorption of the anionic
complex. However, as a consequence the short circuit photocurrent is lower.
Thus, there should be an optimal degree of protonation of the sensitizer in
order to maximize the product of short circuit photocurrent and open circuit
potential, which along with the fill factor determines the power conversion
efficiency of the cell.

The performance of the three sensitizers 2, 25 and 26, which contain
different degrees of protonation, were studied on nanocrystalline TiO2 elec-
trodes [26]. Figure 16 shows the photocurrent action spectra obtained with
a monolayer of these complexes coated on TiO2 films.
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The incident monochromatic photon-to-current conversion efficiency
(IPCE) is plotted as a function of excitation wavelength. The IPCE value in
the plateau region is 80% for complex 2, while for complex 25 it is only about
66%. In the red region, the difference is even more pronounced. Thus, at
700 nm the IPCE value is twice as high for the fully protonated complex 2
as compared to the deprotonated complex 25. As a consequence, the short
circuit photocurrent is 18–19 mA cm–2 for complex 2, while it is only about
12–13 mA cm–2 for complex 25. However, there is a trade-off in photovoltage,
which is 0.9 V for complex 25, as compared to 0.65 V for complex 2. Nev-
ertheless, this is insufficient to compensate for the current loss. Hence, the

Fig. 15 Photocurrent action spectra of nanocrystalline TiO2 films sensitized by complexes
2, 25, and 26. The incident photon to current conversion efficiency is plotted as a function
of wavelength
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photovoltaic performance of complex 26 carrying two protons is superior to
that of compounds 2 and 25 that contain four or no protons, respectively. The
doubly protonated form of the complex is therefore preferred over the other
two sensitizers for sensitization of nanocrystalline TiO2 films.

The solar to electric power conversion efficiency of dye-sensitized solar
cells of laboratory scale (0.158 cm2), validated by an accredited photovoltaic
calibration laboratory, has reached 11.1% under standard reporting condi-
tions, i.e., air mass 1.5 global sunlight at 1000 W m–2 intensity and 298 K
temperature, rendering it a credible alternative to conventional p-n junc-
tion photovoltaic devices [68]. Photovoltaic performance data obtained with
a sandwich cell under illumination by simulated AM 1.5 solar light using
complex 26 are shown in Fig. 16. At 1 sun the 26-sensitized solar cell exhibited
17.73±0.5 mA current, 846 mV potential, and a fill factor of 0.75 yielding an
overall conversion efficiency of 11.18%.

Fig. 16 Photocurrent–voltage curve of a solar cell based on complex 26. The cell was
equipped with an anti-reflective coating. The conversion efficiency in full AM 1.5 sunlight
illumination (100 mW cm–2) is 11.18%. The cell is masked with black plastic to avoid the
diffusive light leaving an active cell area of 0.158 cm2

1.7.2
Comparison of IPCE Obtained with Various Sensitizers

Figure 17 shows the photocurrent action spectrum of a cell containing var-
ious sensitizers. The broad feature covers the entire visible spectrum and
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Fig. 17 Photocurrent action spectra of bare nanocrystalline TiO2 film, and the sensitizers
1, 2, and 9 adsorbed on TiO2 films. The incident photon to current conversion efficiency
is plotted as a function of wavelength

extends into the near IR region up to 920 nm for complex 9. The incident
photon-to-current conversion efficiency value in the plateau region was about
80% for complex 9. Taking the light losses in the conducting glass into ac-
count, the efficiency of electric current generation is practically 95% over
a broad wavelength. The overlap integral of the absorption spectrum with the
standard global AM 1.5 solar emission spectrum for complex 9 yields a pho-
tocurrent density of 20.5 mA cm–2. The open circuit potential is 720 mV and
the fill factor is 0.7, resulting in a total power conversion efficiency of 10.5%.
These results were confirmed at the National Renewable Energy Laboratory
(NREL), Golden, Colorado, USA (Fig. 18). The complexes [RuL3] (1) and
[RuL2(NCS)2] (2) under similar conditions show an IPCE value of 70–80% in
the plateau region. Though the IPCE values are comparable with that of 9, the
total integrated current decreased significantly due to increasing blue shift of
the spectral response from 9 to 2 to 1.

1.7.3
Solid State Dye-Sensitized Solar Cells

Research on the solid state dye-sensitized solar cells (DSC) has gained con-
siderable momentum recently as this embodiment is attractive for realizing
flexible photovoltaic cells in a roll-to-roll production. The spiro-OMeTAD
has been the most successful p-type organic conductor (hole transport ma-
terial) employed. Its work function is about 4.9 eV and the hole mobility
2×10–4 cm2 s–1. A schematic diagram of the solid sate DSC with the structure
of this hole conductor is shown in Fig. 19. Reported first in 1998, the con-
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Fig. 18 Photocurrent–voltage characteristics of complex 9 measured at the National Re-
newable Energy Laboratory

version yields have increased dramatically over the last few years, i.e., from
a fraction of a percent to over 4% [43, 69]. The main drawback of these cells
has been fast interfacial electron-hole recombination, reducing the diffusion
length of the conduction band electrons to a few microns as compared to
20–100 microns for the electrolyte-based DSC. As a consequence, the film
thickness employed in these cells is restricted to only 2 microns, which is
insufficient to harvest the sunlight by the adsorbed sensitizer, thus reduc-
ing the resultant photocurrent. The dye monolayer itself blocks this back
reaction because it is electrically insulating [70]. Hence, current efforts are
being directed towards molecular engineering of the interface to improve the
compactness and order of monolayer and prevent in this fashion the charge
carriers from recombining.
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Fig. 19 Cross-sectional view of a solid state dye-sensitized photovoltaic cell using the hole
conductor spiro-OMeTAD, whose structure is indicated on the right

Another difficulty encountered has been the filling of the porous network
with the hole conductor. This impediment may be overcome by developing
oxide films having regular mesoporous channels aligned in a perpendicular
direction to the current collector. On the other hand, the VOC values obtained
with solid state DSCs are high, reaching nearly 1 V, due to a better match of
the hole conductor work function than that of the electrolyte with the redox
potential of the sensitizer. The future of these solid hole conductor systems
thus looks bright if the recombination and pore filling problems can be ad-
dressed.

1.8
Stability

In contrast to amorphous silicon, which suffers from degradation due to
the well-known Stabler–Wronski effect, the intrinsic stability of the DSC has
been confirmed by extensive accelerated light soaking tests carried out over
the last decade. One major issue that has been settled during this period
is that the sensitizers employed in the current dye-sensitized solar cell em-
bodiments can sustain 20 years of outdoor service without significant degra-
dation. However, as new and more advanced dye structures emerge, and in
order to avoid repeating these lengthy tests every time the sensitizer is modi-
fied, kinetic criteria have been elaborated to allow prediction of long-term
performance.
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Figure 20 illustrates the catalytic cycle that the sensitizer undergoes during
cell operation. Critical for stability are side reactions that occur from the ex-
cited state (S∗) or the oxidized state (S+) of the dye. These reactions compete
with electron injection from the excited dye into the conduction band of the
mesoscopic oxide and with the regeneration of the sensitizer. These destruc-
tive channels are assumed to follow first or pseudo-first order kinetics and are
assigned the rate constants k1 and k2. Introducing the two branching ratios
P1 = kinj/(k1 + kinj) and P2 = kreg/(k2 + kreg), where kinj and kreg are the first
order or pseudo-first order rate constants for the injection and regeneration
process, respectively, the fraction of the sensitizer molecules that survives one
cycle is given by the product P1 × P2. A simple calculation [71] shows that
the sum of the branching ratios for the two bleeding channels should not ex-
ceed 1×10–8 in order for the lifetime of the sensitizer to reach a lifetime of at
least 20 years. The turnover frequency of the dye, averaged over seasons and
day/night time, is about 0.16 s–1.

Fig. 20 Catalytic cycle of the sensitizer during cell operation

For most of the common sensitizers, the rate constant for electron injec-
tion from the excited state to the conduction band of the TiO2 particles is in
the femtosecond range. Assuming kinj = 1×1013 s–1, any destructive side re-
action should have k1 < 105 s–1. Ru sensitizers of the type 26 and 18 readily
satisfy this condition as the decomposition from the excited state level occurs
at a much lower rate than the 105 s–1 limit. Precise kinetic information has
also been gathered for the second destructive channel involving the oxidized
state of the sensitizer, the key parameter being the ratio k2/kreg of the rate
constants for the degradation of the oxidized form of the sensitizer and its
regeneration. The S+ state of the sensitizer can be readily produced by chem-
ical or electrochemical oxidation and its lifetime determined independently
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by absorption spectroscopy. A typical value of k2 is around 10–4 s–1 while the
regeneration rate constant is at least in the 105 s–1 range. Hence the branch-
ing ratio is well below the limit of 10–8, which can be tolerated to achieve the
100 million turnovers and a 20 year lifetime for the sensitizer.

Many long-term tests have been performed with the N3-type Ru com-
plexes, confirming the extraordinary stability of these charge transfer sen-
sitizers. For example, a European consortium supported by the Joule pro-
gram [72] has confirmed cell photocurrent stability over 8500 h of light soak-
ing at 2.5 suns, corresponding to ca. 56 million turnovers of the dye without
any significant degradation. These results corroborate the projections from
the kinetic considerations made above. A more difficult task has been to
reach stability under prolonged stress at higher temperatures, i.e., 80–85 ◦C.
The recent introduction of hydrophobic sensitizers has been particularly re-
warding in this regard by allowing the dye-sensitized solar cell to meet, for
the first time, the specifications laid out for outdoor applications of silicon
photovoltaic cells [73]. In addition, these dyes show enhanced extinction co-
efficients due to the extension of the π-conjugation on one of the bipy ligands
by styrene moieties. Taking advantage of these properties and using a novel
robust electrolyte formulation, a ≥ 8% efficiency dye-sensitized solar cell has
been realized showing strikingly stable performance under both prolonged
thermal stress and light soaking [47]

While impressive progress has been made in the development of stable,
non-volatile electrolyte formulations, the conversion yields obtained with
these systems are presently in the 7–10% range, i.e., below the 11.1% reached
with volatile solvents. Future research efforts will be dedicated to bridge the
performance gap between these systems. The focus will be on hole conductors
and solvent-free electrolytes such as ionic liquids. The latter are a particularly
attractive choice for the first commercial modules, due to their high stability,
negligible vapor pressure and excellent compatibility with the environment.

1.9
Pilot Production of Modules, Outdoor Field Tests
and Commercial DSC Development

Figure 21 shows two prototypes of the monolithic Z-type interconnected
modules, fabricated by Aisin Seiki in Japan. Note that carbon is used as a back
contact to cut cost. Field tests of such modules already started several years
ago and the results of these tests revealed advantages of the DSC with regards
to silicon panels under realistic outdoor conditions. Thus, for equal rating
under standard test conditions the DSC modules produced 20–30% more en-
ergy under real outdoor conditions than the polycrystalline silicon (pc-Si)
modules. A photograph of the test station comparing the two types of photo-
voltaic technologies is shown in Fig. 22. The superior performance of the DSC
can be ascribed to the following factors:
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Fig. 21 Production of DSC prototypes by Aisin Seiki in Japan. Note the monolithic design
of the photovoltaic modules and the use of carbon as interconnect and counter electrode
material

• The DSC efficiency is practically independent of temperature in the range
25–65 ◦C while that of mono- and pc-Si declines by ca. 20% over the same
range

• Outdoor measurements indicate that the DSC exhibits lower sensitivity to
light capture as a function of the incident angle of the radiation, although
this needs to be further assessed

• The DSC shows higher conversion efficiency than pc-Si in diffuse light or
cloudy conditions

While it is up to the commercial supplier to set the final price for such mod-
ules it is clear that the DSC shares the cost advantage of all thin film devices.
In addition, it uses only cheap and readily available materials. Finally, in
contrast to amorphous silicon and CIGS cells the DSC avoids high vacuum
production steps that are very cost intensive. Given these additional advan-
tages at comparable conversion efficiency, module costs below 1 € are realistic
targets even for production plants having well below gigawatt capacity. The
DSC has thus become a viable contender for large-scale future solar energy
conversion systems on the bases of cost, efficiency, stability, and availability
as well as environmental compatibility.
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Fig. 22 Outdoor field tests of DSC modules in Kariya City Japan at lat. 35◦10′N, Azimuthal
angle 0◦, facing due south, tilted at 30◦. Note the pc-Si modules in the second row

Fig. 23 The Toyota “Dream House” featuring DSC panels made by Aisin Seiki
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DSC panels have also been installed in the walls of the Toyota “Dream
House” (http://www.toyota.co.jp/jp/news/04/Dec/nt04_1204.html) shown in
Fig. 23, offering a building-integrated source of solar power to the inhabi-
tants. Very recently the British company G24I has announced the building of
the first 20 MW DSC manufacturing plant in Wales (http://www.G24I.com).

1.9.1
Outlook

Using a principle derived from natural photosynthesis, mesoscopic injection
solar cells and in particular the DSC have become a credible alternative to
solid-state p-n junction devices. Conversion efficiencies over 11% and 15%
have already been obtained with single junction and tandem cells, respec-
tively, on the laboratory scale, but there is ample room for further ame-
lioration. Future research will focus on improving the JSC by extending the
light response of the sensitizers in the near IR spectral region. Substantial
gains in the Voc are expected from introducing ordered oxide mesostructures
and controlling the interfacial charge recombination by judicious engineer-
ing on the molecular level. Hybrid cells based on inorganic and organic hole
conductors are an attractive option in particular for the flexible DSC em-
bodiment. Nanostructured devices using purely inorganic components will
be developed as well. The mesoscopic cells are well suited for a whole realm
of applications ranging from the low power market to large-scale applica-
tions. Their excellent performance in diffuse light gives them a competitive
edge over silicon in providing electric power for stand-alone electronic equip-
ment both indoor and outdoor. Application of the DSC in building-integrated
photovoltaics has already started and will become a fertile field of future com-
mercial development. Almost 100 years ago, at the 1912 IUPAC conference
in Washington, the famous Italian photochemist Professor Giacomo Ciami-
cian from the University of Bologna predicted that mankind will unravel the
secrets of photosynthesis and apply the principles used by plants to harvest
solar energy in glass buildings. His visionary thoughts appear now close to
becoming a reality.

2
Iridium Complexes as Triplet Emitters in Organic Light-Emitting Diodes

2.1
Introduction

Iridium(III) cyclometalated complexes are attracting widespread interest be-
cause of their unique photophysical properties and applications in organic
light-emitting diodes (OLEDs). Several groups have used extensively neu-
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tral Ir cyclometalated complexes in OLEDs and obtained up to 19% external
quantum efficiencies, which require a complicated multilayered structure for
charge injection, transport, and light emission [74–77]. An attractive alter-
native to the OLEDs is the light-emitting electrochemical cell (LEC) [78–82],
which is particularly promising for large-area lighting applications. In these
cells the use of ionic complexes facilitates electronic charge injection into
the light-emitting film [78, 83, 84]. The main requirements for OLEDs and
LECs are that the phosphorescent emitter should have sharp colors in the red,
green and blue region, and exhibit very high phosphorescent quantum yields.
Tuning phosphorescence wavelength, and enhancing phosphorescent quan-
tum yields in these complexes in a predictable way is a daunting task, which
of course is attractive for both fundamental research and practical applica-
tions [77, 85–89].

A strategy to tune the emission color in Ir(III) complexes relies on the
selective HOMO stabilization and/or LUMO destabilization of the complex.
Mixed ligand Ir complexes with C^N cyclometalating ligands, are partic-
ularly appealing in this respect, since the two types of ligands can be al-
most independently functionalized to obtain the desired color tuning [90].
In particular, electron-withdrawing substituents on the C^N ligands decrease
the donation to the metal and therefore stabilize the metal-based HOMO.
Electron-releasing substituents on the C^N ligand, lead, on the other hand,
to destabilization of the ligand-based LUMO, ultimately leading to increased
HOMO–LUMO gaps and emission energies. Much less clear are the factors
that determine the emission quantum yields in mixed ligand complexes and
on which parameters to act in order to increase them. It is indeed generally
assumed that emission quantum yields should increase with increasing emis-
sion energy, due to the increase of the radiative rate constant and decrease
of the non-radiative rate constants. These follow, respectively, the Einstein
law of spontaneous emission [91] and the so-called energy gap law [92], even
though exceptions to these rules are quite common.

2.2
Photophysical Properties

The photophysics of polypyridyl complexes of Ir can be understood with
the aid of an energy level diagram, as shown in Fig. 24. In these complexes
there are three possible types of excited states: (a) metal-centered (MC) ex-
cited states, which are due to promotion of an electron from t2g to eg orbitals;
(b) ligand-centered (LC) states that are π–π∗ transitions; (c) MLCT states.
An electronic transition from metal t2g orbitals to empty ligand orbitals
without spin change is allowed, which is called singlet–singlet absorption.
The allowed transitions are identified by large extinction coefficients. The
transitions with spin change are called singlet–triplet absorption, which are
forbidden and associated with small extinction coefficients. However, the ex-
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Fig. 24 Schematic and simplified molecular orbital diagram for an octahedral d6 metal
complex involving 2-phenylpyridine (C3 symmetry)-type ligands in which various pos-
sible transitions are indicated

cited singlet state may be involved in spin flip, which is called intersystem
crossing (ISC), resulting in an excited triplet state. The radiative process of
a singlet and triplet excited state to a singlet ground state are termed fluores-
cence and phosphorescence, respectively. The excited singlet states associated
with LC π–π∗ and MLCT transition can undergo ISC into the triplet state
efficiently in Ir complexes due to spin-orbit coupling, resulting in enhanced
phosphorescence quantum yields. For the cyclometalated Ir complexes, the
wave function of the excited triplet state, responsible for phosphorescence, is
principally expressed as a combination of the LC and the MLCT excited triplet
state. However, not all the complexes are highly luminescent because of the
different deactivation pathways.

2.3
Tuning of Phosphorescence Colors in Neutral Iridium Complexes

Neutral Ir complexes were obtained by an orthometalation reaction with
ligands that contain a benzene ring attached to a functional group contain-
ing a donor atom such as 2-phenylpyridine (ppy) and benzo[h]-quinoline
(bzq) [93]. The coordination of ppy and bzq ligands to metal is analogous to
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that found in 2,2′-bipyridine except that nitrogen is replaced by carbon an-
ion [94]. In a typical example, three ppy ligands coordinate around Ir(III)
resulting in a neutral complex, in which the phenyl group carries a formal
negative charge due to loss of proton and subsequent orthometalation to Ir
metal. The HOMO in tris-phenylpyridine Ir(III) [Ir(ppy)3] is principally com-
posed of orbitals of the phenyl ring and the metal d orbitals. The pyridine is
formally neutral and is the major contributor to the LUMO in the [Ir(ppy)3]
complex [95].

The absorption spectra of [Ir(ppy)3] display strong ligand-to-ligand (LC,
π–π∗) and MLCT transitions in the UV and the visible region, respectively.
The MLCT transition bands are lower in energy than the LC π–π∗ transitions.
The excited triplet state shows strong phosphorescence in the green region at
around 515 nm, with an excited state lifetime of 2 µs [96].

In order to tune the phosphorescence color of [Ir(ppy)3], Watts et al. syn-
thesized several substituted ppy-based neutral Ir complexes [96–98]. Table 1
shows the list of complexes that show strong phosphorescence from a 3MLCT
excited state. The phosphorescence lifetime of these complexes is in the range
of 2–3 µs in nitrogen-saturated acetonitrile at room temperature [97]. The
photophysical and electrochemical data (see Table 1) demonstrate the in-
fluence of ligands bearing electron-withdrawing and the electron-donating

Table 1 Emission, lifetime, and electrochemical data of complexes 27–34

Complex Emission Lifetime Potential vs. SCE Potential vs. Fc+/0

λmax τ E1/2ox
(nm) (µs) (V) (V)

27 494 1.9 0.77 0.37
28 493 1.9 0.70 0.30
29 496 1.9 0.67 0.27
30 497 2.0 0.66 0.26
31 468 2.0 0.97 0.57
32 494 2.2 1.08 0.68
33 481 2.2 0.75 0.35
34 539 2.9 0.55 0.15
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substituents. It is interesting to note the difference between complexes 33 and
34 (Table 1), which is simply the effect of the position of electron-donating
substitution on the phenyl ring. In complex 34 the electron-donating group is
substituted at the 3-position of the phenyl ring. This destabilizes the HOMO
by 0.2 V as compared to complex 33 in which the electron-donating group
is substituted at 4-position. The HOMO of a ppy cyclometalated Ir com-
plex is located primarily on the phenyl groups, therefore incorporation of an
electron-donating substituent in the positions para to the Ir–carbon bond de-
creases the emission energy due to a mesomeric (oxygen lone pair donation
to the aromatic π orbitals) effect. From the electrochemical data of the com-
plexes shown in Table 1, it is evident that the less positive oxidation potential
values result from ligands with electron-donating substituents, and more pos-

Table 2 Absorption, emission, and electrochemical properties of the iridium complexes
35–42

Complex Absorption Emissiona Potential vs. Fc+/0 Lifetime
λmax λmax E1/2ox E1/2red
(nm) (nm) (V) (V) (µs)

35 295, 349 455 0.98 – 2.72 0.040
36 300, 349 457 1.11 – 2.72 0.008
37 302, 348 455 1.11 – 2.53 0.009
38 – 468 1.00 – 1.9 –
39 321 444 0.41 – 3.20 –
40 359, 469 649 0.77 – 1.71 1.9
41 581 – 1.2 –
42 666 1.00 – 1.1 –

a Emission data were collected at 298 K
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itive oxidation potential values result from ligands with electron-withdrawing
substituents.

In these complexes the photophysical properties are very similar to the
ppy-based Ir complexes because of substitution of electron-donating or
electron-withdrawing groups on the phenyl ring. This is not surprising be-
cause the substitution of donor or acceptor groups tunes both the HOMO and
LUMO levels of the metal complex to move in the same direction, leading to
marginal changes in the photophysical properties.

In the mixed ligand complexes (35–38 shown in Table 2) the HOMO levels
have been stabilized significantly compared to the tris(ppy)Ir(III) complex,
leading to blue shifts of the emission maxima, which is also apparent from
the electrochemical data [87, 99]. On the other hand, the blue shift of the
emission maxima in complex 39 is due to destabilization of LUMO of the
1-phenylpyrazolyl ligand. Several other groups have developed heteroleptic Ir
complexes (see Table 2), in which the LUMO levels were stabilized (see Table 2
for E1/2

red values of complexes 40–42) compared to the tris(ppy)Ir(III) com-
plex, leading to phosphorescent color maxima from green to red [89, 98–105].
Therefore, the compounds in Table 2 provide an exciting opportunity to tune
the emission spectral properties from blue to red by simply selecting appro-
priate donor/acceptor ligands compared to the tris-homoleptic complexes of
the type shown in Table 1.

2.4
Tuning of Phosphorescence Colors in Cationic Iridium Complexes

The tuning aspect of the MLCT transitions in cationic Ir complexes is il-
lustrated by considering the following complexes: [Ir(2-phenylpyridine)2(4,
4′-tert-butyl-2,2′-bipyridine)]PF6 (43), [Ir(2,4-difluorophenylpyridine)2(4,4′-
dimethylamino-2,2′-bipyridine)]PF6 (44), and [Ir(2-phenylpyridine)2(4,4′-
dimethylamino-2,2′-bipyridine)]PF6 (45). These complexes were synthesized
in a low-boiling solvent, dichloromethane, by reacting the corresponding
dichloro-bridged Ir(III) dimer with 4,4′-tert-butyl-2,2′-bipyridine or 4,4′-
dimethylamino-2,2′-bipyridine ligands (see Table 3) [106].

The cyclic voltammogram of complex 45 (Fig. 25) measured in acetonitrile
containing 0.1 M tetrabutylammonium hexafluorophosphate with 100 mV s–1

scan rate shows a reversible wave at 0.72 V vs. Fc+/0 due to oxidation of
Ir(III) to Ir(IV), which is cathodically shifted by 210 mV compared to com-
plex 43 due to the donor strength of 4,4′-dimethylamino-2,2′-bipyridine
(Klein et al., unpublished data and [78, 106]). The three reversible reduc-
tion waves at – 2.17 and – 2.61 and – 2.87 V vs. Fc+/0 (only two waves are
shown in Fig. 25) are assigned to the reduction of 4,4′-dimethylamino-2,2′-
bipyridine and the two ppy ligands, respectively. It is interesting to note that
the ligand-based reduction potential of 45 is significantly shifted cathodically
(390 mV) compared to complex 43, demonstrating that the destabilization of
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Table 3 Absorption, emission, and electrochemical properties of cationic iridium com-
plexes 43, 44, and 45

Complex Absorption a Emission b Potential c vs. Fc+/0Lifetime d

λmax λmax E1/2ox E1/2red
(nm) (nm) (V) (V) (µs)

43 – 581 e 0.88 e – 1.83 e 0.557 e

44 266 (8.27), 316 (2.89), 463, 493 1.0 – 2.13 4.11±0.02
344 (2.20); – 2.49
376 (1.45), 410 (0.41), – 2.77
444 (0.14)

45 268 (5.62), 290 (3.49), 491, 520 0.72 – 2.17 2.43±0.02
356 (0.95), 376 (0.85), – 2.61
444 (0.19) – 2.87

a Absorption data were measured in CH2Cl2 solution. Brackets contain values for molar
extinction coefficient (ε) in 104 M–1 cm–1

b Emission data were collected at 298 K by exciting at 380 nm
c Electrochemical measurements were carried out in acetonitrile solution and the poten-
tials are V vs. ferrocenium/ferrocene (Fc+/0)
d Lifetime data are collected in degassed solutions
e Data taken from [78]

the LUMO orbitals of 4,4′-dimethylamino-2,2′-bipyridine offsets more than
the destabilization of the Ir HOMO orbitals caused by the electron-donating
4,4′-dimethylamino-2,2′-bipyridine ligand, ensuing an increase in the gap be-
tween the HOMO and the LUMO of 45 compared to the HOMO–LUMO gap of
complex 43.

The cyclic voltammogram of complex 44 shows a reversible couple at
1.0 V vs. Fc+/0 due to oxidation of Ir(III) to Ir(IV), and two reversible reduc-
tion waves at – 2.13 and – 2.49 V vs. Fc+/0 arising from the reduction of the
4,4′-dimethylamino-2,2′-bipyridine and 2-(2,4-difluorophenyl)pyridine lig-
and, respectively. The HOMO orbitals in 44 are stabilized upon insertion of
fluoro substituents on the ppy ligands, thus ensuing an increase of the HOMO
and LUMO gap of 44 compared to the HOMO and LUMO gap of 43 and 45
(Table 3) [106].

UV-Vis absorption spectra of the complexes 43, 44, and 45 in dichloro-
methane solution at 298 K display bands in the UV and the visible region
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Fig. 25 Cyclic voltammogram of complex 45 measured in acetonitrile in the pres-
ence of 0.1 M tetrabutylammonium hexafluorophosphate as supporting electrolyte with
100 mV s–1 scan rate. The black line shows the scan between – 2.4 to 1 V, and the gray
line between – 2.8 to 1 V. The observed irreversible new wave at around – 1.35 V is due to
unknown product that is formed when scanning to more negative potential

due to intraligand (π–π∗) and MLCT transitions, respectively (Fig. 26 and
Table 3) [107]. When excited at 298 K within the π–π∗ or MLCT absorption
bands, complex 44 shows emission maxima at 463 and 493 nm due to the 4,4′-

Fig. 26 Absorption and emission spectra of 44 (solid line) and 45 (dashed line) in
dichloromethane solution at 298 K
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dimethylamino-2,2′-bipyridine ligand that increases the gap between LUMO
of 4,4′-dimethylamino-2,2′-bipyridine and HOMO of Ir, resulting in a blue
shift of the emission maxima compared to 43 [78, 96].

It is worth noting that the argon-degassed dichloromethane solutions of
44 and 45 show bright luminescence in a lighted room, and display unusual
phosphorescence quantum yields of 80± 10% in solution at room tempera-
ture. The emission spectral profile is independent of excitation wavelength,
and the emission of 44 and 45 decayed as a single exponential with lifetimes
of 2 and 4 µs in dichloromethane solution, respectively [108].

The electronic structures of these complexes based on DFT calculations,
together with plots of selected molecular orbitals are shown in Fig. 27. The
HOMO in these complexes is an antibonding combination of Ir(t2g) and
ppy(π) orbitals, and is calculated at – 5.50 and – 5.66 eV for 44 and 43, respec-
tively (De Angelis et al., unpublished data). The LUMO of both complexes is
a π∗ orbital localized on the 4,4′-dimethylamino-2,2′-bipyridine ligand and
is calculated at – 2.49 and – 2.3 eV for 43 and 44, respectively. At higher en-
ergy, the LUMO is followed by an almost degenerate couple of ppy π∗ orbitals,
whose energies approach that of the 4,4′-dimethylamino-2,2′-bipyridine π∗
LUMO on going from 43, 45 to 44.

Fig. 27 Energy and character of the frontier molecular orbitals of 43, 45, and 44 com-
plexes. Also shown are isodensity plots of selected molecular orbitals
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2.5
Tuning of Phosphorescence Colors in Anionic Iridium Complexes

The tuning aspects of phosphorescence colors in anionic Ir complexes are
illustrated using the following representative complexes: The (C4H9)4N[Ir(2-
phenylpyridine)2(CN)2] (46), (C4H9)4N[Ir(2-phenyl)-4-dimethylaminopyr-
idine)2(CN)2] (47), (C4H9)4N[Ir(2-(2,4-difluorophenyl)-pyridine)2(CN)2]
(48), (C4H9)4N[Ir(2-(2,4-difluorophenyl)-4-dimethylaminopyridine)2 (CN)2]
(49), and (C4H9)4N[Ir(2-(3,5-difluorophenyl)-4-dimethylaminopyridine)2
(CN)2] (50) (Klein et al., unpublished data). All these complexes were con-
veniently synthesized in low-boiling dichloromethane by reaction of the
dichloro-bridged Ir(III) dimer with tetrabutylammonium cyanide. The crys-
tal structure of complex 46 shows that the cyanide ligands coordinate through
the carbon atom and adopt a cis configuration (Fig. 28).

Table 4 shows a comparison of the photophysical and electrochemical
properties of complexes 46–50 that were measured in dichloromethane solu-
tion at 298 K. When these complexes are excited within the π–π∗ and MLCT

Fig. 28 Crystal structure of (C4H9)4N[Ir(2-phenylpyridine)2(CN)2] 46
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Table 4 Structures, absorption, emission, quantum yields, lifetime, and electrochemical
data of complexes 46–50 measured at 298 K in dichloromethane solution

Complex Absorptiona Emissionb Lifetime Potential vs. Fc+/0

λmax λmax E1/2ox E1/2red
(nm) (nm) (µs) (V) (V)

46 260 (41.7), 337 (0.85), 470, 502 3.3 0.55 – 2.69
384 (0.58), 433sh (0.61)
463 (0.21)

47 272 (3.79), 302sh (2.21), 465, 488 2.0 0.33 – 3.0
332 (1.07), 354 (0.89),
380 (0.59)

48 254 (6.04), 290 (2.79), 460, 485 3.3 0.96 – 2.6
362 (0.78), 390 (0.38)

49 266 (2.83), 290 (2.63), 451, 471 1.4 0.58 – 2.98
302 (2.38), 338 (1.32),
360 (1.08)

50 268 (5.25), 288 (4.20), 468, 492 3.0 0.53 – 2.8
302sh (3.22), 356 (1.52),
378 (0.95)

a Brackets contain values for molar extinction coefficient (ε) in 104 M–1 cm–1

b Emission spectra were obtained from degassed solutions by exciting into the lowest
MLCT band

absorption bands, they show emission maxima in the blue and yellow regions
of the visible spectra. The air-equilibrated dichloromethane solutions exhibit
shorter luminescence lifetimes (70–90 ns) compared to the degassed solu-
tions (1–3 µs). It is apparent from the photoluminescence data, which were
obtained by exciting at 380 nm, that the complexes 46–50 show a color range
from brilliant blue to yellow, unraveling the tuning aspect of the HOMO and
the LUMO levels.

The LUMO levels of complex 47 are destabilized by incorporating di-
methylamino group at the 4-position of pyridine. In complex 48 the HOMO
levels are stabilized by insertion of fluoro substituents on the phenyl ring of
the ppy ligand. However, in complex 49 both aspects (i.e., destabilization of
the LUMO orbitals by incorporating a dimethylamino group at the 4-position
of pyridine together with stabilization of HOMO orbitals by insertion of flu-
oro substituents on the phenyl of the ppy ligand) lead to an increase of the
HOMO–LUMO gap accompanied by a blue shift of the emission spectra. Fig-
ure 29 shows a representative absorption and emission spectra of complex
49 measured in dichloromethane solution at 298 K. The complex displays
bands in the UV and the visible region due to intraligand (π–π∗) and MLCT
transitions, respectively [107]. When excited within the π–π∗ and MLCT ab-
sorption bands at 298 K, complex 49 shows emission maxima at 450 and
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Fig. 29 Absorption (red line) and emission (blue line) spectra of complex 49 in dichloro-
methane solution at 298 K. The insert shows a photo of a solution of 49 exhibiting very
strong blue emission upon excitation at 380 nm

473 nm due to the 2,4-difluorophenyl-4-dimethylaminopyridine ligand that
increases the HOMO–LUMO gap resulting in a blue shift of the emission max-
ima compared to complexes 47 and 48.

The difference between complexes 49 and 50 is only in the position of the
fluoro substituent on the phenyl ring of the ppy ligand, which are at the 2,4-
position in the former and the 3,5-position in the latter. The emission maxima
of complex 50 is significantly red-shifted compared to complex 49, demon-
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strating the influence of substituent position on the photophysical properties.
One possible explanation for this astonishing spectral shift of complex 50
compared to complex 49 is that the fluoro groups at the 3,5-position act as
electron-releasing groups, destabilizing the metal HOMO orbitals and thereby
decreasing the HOMO–LUMO gap. In complex 49, the fluoro groups are at the
2,4-positions and act as electron-withdrawing groups, resulting in stabiliza-
tion of HOMO orbitals and thereby increasing the HOMO–LUMO gap.

2.5.1
Phosphorescent Color Shift in Anionic Iridium Complexes
by Tuning of HOMO Levels

Figure 30 shows schematically the concept of HOMO level tuning in Ir pseu-
dohalogen complexes of the type TBA[Ir(ppy)2(CN)2] (46), TBA[Ir(ppy)2

Fig. 30 Schematic drawing of HOMO and LUMO orbitals for complexes 46, 51, and 52
and their phosphorescence properties, which were obtained by exciting at 415.4 nm using
a krypton ion laser
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(NCS)2] (51), and TBA[Ir(ppy)2(NCO)2] (52). These complexes were conve-
niently synthesized under inert atmosphere by reaction between the dichloro-
bridged Ir dimer [Ir(ppy)2(Cl)]2 in dichloromethane solvent with an excess
of a pseudohalogen ligand such as tetrabutylammonium cyanide, tetrabutyl-
ammonium thiocyanate, or tetrabutylammonium isocyanate, respectively,
with over 70% yields [77].

The cyclic voltammograms of 46, 51, and 52 show a quasi-reversible oxida-
tion potential at 0.91, 0.45, and 0.18 V vs. ferrocenium-ferrocene, respectively.
Changes in the electron-donating or electron-withdrawing nature of the an-
cillary ligands can result in a variation of electronic properties at the metal
center. It is interesting to compare these three complexes that contain cyanide,
thiocyanate, and isocyanate ligands. The 0.73 V anodic shift in oxidation po-
tential of 46 compared to complex 52 shows the extent of π back-bonding
to the cyanide ligand from the Ir(III) center. The enormous enhancement
in π back-bonding leads to significant blue shift of the emission maxima of
complex 46 compared to complexes 51 and 52.

The absorption spectra of these complexes display bands in the UV and
the visible region due to intraligand (π–π∗) and MLCT transitions, respec-
tively [107]. The MLCT band in 46 (463 nm) is significantly blue-shifted com-
pared to 51 (478 nm), and 52 (494 nm), indicating the extent of π-acceptor
strength of the CN– ligand compared to the NCS– and NCO– ligands. The
spectral shifts are consistent with the electrochemical data of these com-
plexes. Hay has analyzed the spectral properties of Ir(III)ppy complexes using
DFT, in which the low-lying transitions are categorized as MLCT transitions
and the high-energy bands at above 280 nm are assigned to the intraligand

Table 5 Emission, lifetime, and quantum yield data of complexes 46, 51, and 52 measured
at 298 K in dichloromethane

Com- Absorption a Emission b Emission Lifetime Potential vs. Fc+/0

plex λmax λmax φf τ E1/2ox
(nm) (nm) (µs) (V)

46 260 (41.7), 337 (0.85), 470, 502 0.94 3.1 0.91
384 (0.58), 463 (0.21)

51 266 (38.9), 335 (6.7), 506, 520 0.97 1.4 0.45
355 (5.3), 400 (3.4),
476 (0.65),

52 276 (35.1), 347 (6.62), 538, 560 0.99 0.8 0.18
384 (4.22), 408 (3.41),
464 (2.36), 497 (1.26)

a Brackets contain values for molar extinction coefficient (ε) in 104 M–1 cm–1

b Emission spectra were obtained from degassed solutions by exciting into the lowest
MLCT band
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π–π∗ transitions of ppy [95]. Argon-degassed solutions of complexes 46, 51
and 52, when excited within the π–π∗ and MLCT absorption band at 298 K,
show emission maxima at 470, 506 and 538 nm, respectively with longer life-
times (0.8–3.4 µs) (Table 5).

2.6
Controlling Quantum Yields in Iridium Complexes

Orthometalated Ir complexes are known to have highest triplet emission
quantum yields due to several factors [109, 110]:

• Ir has a large d-orbital splitting compared to other metals in the group
• Strong ligand field strength of the ppy anionic ligand increases the d-

orbital splitting, leading to an enlarged gap between the eg orbitals of Ir
and the LUMO of the ligand

• Close-lying π–π∗ and MLCT transitions, together with the heavy atom
effect, enhance the spin-orbit coupling

However, the mixed ligand cationic Ir complexes show appreciably lower
quantum yields compared to the tris-orthometalated Ir complexes because of
the lower LUMO orbitals of the 2,2′-bipyridine ligand [78, 85, 96]. One strat-
egy to increase the quantum yields of Ir complexes is to introduce F and/or
CF3 substituents. This results in a stabilization of both the HOMO and the
LUMO. Since the HOMO stabilization is larger than that of the LUMO, this
leads to an increase in the gap between HOMO–LUMO [111]. Another strat-
egy, however, is to decrease the gap between the lowest π∗ orbitals of the
ppy ligand and the 2,2′-bipyridine ligand by introducing donor substituents
such as dimethylamino groups at the 4,4′-positions of 2,2′-bipyridine that are
known to have a strong destabilization effect on the LUMO (see complexes
44 and 45). In such type of complexes, the π–π∗ and MLCT states associated
with the ppy and 4,4′-dimethylamino-2,2′-bipyridine ligands are expected to
be located closely together, which enhances the excited state decay through
radiative pathways.

The quantum yields of complexes 44 and 45 were measured using re-
crystallized quinine sulfate in 1 N H2SO4 and the widely referred complex
Ru(bpy)3(PF6)2 as quantum yield standards. The data obtained using both
standards are in excellent agreement and indeed show yields that are remark-
ably high, i.e., 80%.

The quantum yields of Ir complexes can also be modulated by introduc-
ing ligands having strong ligand field stabilization energy, such as NCS– and
CN–. In these complexes, the gap between the metal eg and the ligand LUMO
orbitals increases, resulting in a decay of the excited charge transfer states
through radiative pathways [77].
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2.7
Application of Iridium Complexes
in Organic Light Emitting Devices

Doping of the emitting layer of OLEDs with well-selected dye molecules is
an established way to improve OLED performance. To clarify, in the context
of this article, from what we understand doping is not the introduction of
additional charges as in the classical semiconductor sense but rather the in-
troduction of dye molecules with appropriate energy levels for color tuning.
Besides this aspect, doping also leads to a change of the transport charac-
teristics and to a considerable increase of the lifetime and of the quantum
efficiency.

For a long time people thought that the luminescent dyes used since the
work of Tang et al. are theoretically limited to an internal conversion effi-
ciency of 25% [112]. This factor arrives from quantum mechanics, where 75%
of the charge wave functions are of the non-emissive triplet case and only 25%
of the singlet case, allowing radiative recombination. Taken into account that
only one-fifth of the created photons can leave the device, the external quan-
tum efficiency was limited to 5% [113]. But, in contrast to this, the family of
the so-called phosphorescent dyes (triplet emitters) permits the opening of
an additional radiative recombination channel and harvesting of up to nearly
100% of the excited states to photon creation. Responsible for this is the pres-
ence of heavy metal atoms such as Pt or Ir [114], leading to a strong spin-orbit
coupling. The common way of device realization is to a mix small concen-
tration of a highly phosphorescent guest into a host material with suitable
charge transport abilities. Taking into account an unchanged out-coupling
factor of one-fifth, the theoretical external quantum efficiency for the triplet
dyes jumps up to 20%. Electrophosphorescence was shown for the first time
by Hoshino et al. by mixing benzophenone into a poly(methylmethacrylate)
host [115], but the quantum efficiency was still low. Meanwhile, quantum ef-
ficiencies up to the theoretical limits are reported in the literature [114].

Typical dye doping concentrations of singlet and triplet emitters are
very different. For singlet emitters the efficient doping ratio is often
limited to the range 0.5–2%, as for example 1.3% for Rubrene in tris(8-
hydroxyquinolato)aluminum (Alq3) [116] or 0.7% for DEQ in Alq3 [117]. For
triplet emitter dyes, doping ratios up to 10% or far above are possible without
remarkable loss in quantum efficiency [118]. Increased doping concentra-
tions of triplet emitters are desirable to prevent or reduce saturation effects at
increased current densities due to the long lifetimes of the excited states [119].
But, high doping concentrations are accompanied by side effects. To have the
dye molecules with appropriate behavior inside the matrix is one point; the
other point is that the dye molecule should also be able to localize the exci-
ton. In principle three techniques are discussed to get the exciton on the dye
dopant: (i) endothermic energy transfer [120], (ii) exothermic energy trans-
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fer [121], and (iii) charge trapping as it applies for heavily doped systems and
for blue phosphorescent devices [119].

Another aspect is that large energy gap matrixes are desired to suppress
both the electron and energy transfer pathways from the emissive dopant
back to the host material [122]. Pai et al. observed the transition from hole
hopping between host molecules to trap-controlled tunneling transport as
a function of doping concentration [123]. At concentrations of the additive
below 2 wt. %, the transport is dominated by the slow release of charges from
the dye sites acting as charge traps. For concentrations above 2 wt. % hopping
occurs via trap and host sites. As the trap concentration is further increased,
the transport by tunneling via the additive sites becomes predominant.

The long lifetime of the triplet excitons enables them theoretically to dif-
fuse significant distances. To reduce this, typical diode architectures, includ-
ing phosphorescent emitters, require at least one more auxiliary layer (such
as a hole blocking layer) than a fluorescent emitter containing diode. Further,
the energy levels of the host should be significantly higher to localize the ex-
citons on the dopant [119]. This approach will be discussed in the following
section in more detail.

2.7.1
Standard OLED Device Architecture

A typical multilayer device architecture containing triplet emitters is de-
scribed in Fig. 31, and the resulting energy level scheme is shown in Fig. 32.
ITO (indium tin oxide)-coated glass substrate is used as anode and on top
of it a 10 nm thick CuPc (copper phthalocyanine) hole injection layer is

Fig. 31 Cross-section of the OLED device
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Fig. 32 Typical electrophosphorescent multilayer device architecture composed of a hole
injection layer (HIL), a hole transport layer (HTL), a emission layer (EL), a hole block-
ing layer (HBL), an electron blocking layer (EBL), and finally an electron transporting
layer (ETL). Shown are the HOMO and LUMO energy levels of the corresponding
molecules [77]. The vacuum level is assumed to be constant

deposited. Next, a 40 nm thick hole transport layer of α-NPD (N,N′-diphenyl-
N,N′-bis(1-naphthyl)-1,1′-biphenyl-4,4′-diamine) is evaporated, followed by
a 20 nm layer of the wide energy-gap matrix of CBP (4,4′-bis(carbazol-9-yl)-
biphenyl) co-evaporated with a constant rate of a phosphorescent emitter
molecule. For hole blocking and resulting charge confinement in the emitting
matrix layer, a 5 nm layer of BCP (2,9-dimethyl-4,7-diphenyl-phenanthroline)
can be useful for quantum efficiency improvement. Finally, a 30–40 nm thick
Alq3 electron transport layer is deposited to improve the out-coupling effi-
ciency [124] and to reduce exciton quenching by the metallic cathodes [114].
For performance improvement, the organics should be purified and thermally
evaporated at a rate of 1.0 Å s–1 at a base pressure lower than 10–6 mbar.
A well-working cathode for such architecture consists of a 0.8 nm LiF layer
deposited right after the electron transporting layer (ETL) in combination
with a 100 nm thick Al layer. To decrease contamination effects and impurity
layers the whole fabrication should be done without breaking the vacuum.
The active area of engineering segments is in the range 4–10 mm2.

The presented standard device architecture doped with different ratios of
the phosphorescent emitter molecule [acetylacetonato-(bis(2-phenylpyridine)
Ir(III))], labeled as complex 53, is used as a model case. Figure 33 shows the
different current–voltage characteristics for complex 53 doped in CBP-host
for doping concentrations ranging from zero to 12 mol %. The voltage re-
gion below ≈ 2.5–3 V is characterized by a single carrier-type transport, and
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Fig. 33 Current versus voltage characteristics for different doping concentrations of phos-
phorescent dye 53 in a CBP matrix

the exact value depends on the doping concentration. Above this threshold
voltage, a steep increase in the diode current corresponding to two-carrier
injection is observed, which leads to light generation. The lower current
threshold field (Uth l), here defined as the voltage for a current of 1 µA cm–2,
decreases monotonously from 3.5 V for the undoped case to 2.9 V for max-
imum doping of 12 mol %. This indicates that the dye molecules seem to
improve carrier injection into the matrix layer. The energy barrier for holes
at the α-NPD/CBP interface is 0.43 eV (HOMO–HOMO barrier). However, the
energy barrier from α-NPD to complex 53 is negligible, i.e., less than 0.1 eV
[HOMOs of α-NPD = 5.53 eV, CBP = 5.96 eV and of complex 53 = 5.6 eV] [77].
For higher doping concentrations this injection and transport mechanism is
even improved. The energy barriers for the electrons are less important for all
organic/organic interfaces (≤ 0.2 eV).

Furthermore, by direct charge injection from the adjacent hole and elec-
tron transport layers onto the phosphor molecule doped into the wide
energy-gap matrix, exciton formation occurs directly on the dopant. In other
words, in this image it is not the efficiency of the energy transfer from the
host to the dye dopant, it is rather injection of the holes onto the dopant
where they have “only” to wait for the electron. As already pointed out, it is
a function of dye concentration if the charge jumps from dye to dye or if it
is energetically favorable for the charge to detrap by jumping from the dye to
the host [125].

Figure 34 shows the variation of the quantum efficiency as a function of the
doping concentration. We see a slight variation for concentrations between 3
and 12% with its maximum at 9% and 13.2% of external quantum efficiency.
For comparison, in the undoped case the quantum efficiency is only 0.94%.
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Fig. 34 a External quantum and power efficiencies versus current. b External quantum
efficiency as a function of the doping concentration

This corresponds to an improvement of around one and a half orders of
magnitude. Still more impressive is the improvement in the power efficiency,
which increases from 0.65 lm W–1 for the undoped case (not presented) up
to 37 lm W–1 for the 9% doped case, which represents an improvement factor
of 56. These values are close to the values cited in the recent literature [76].
However, they are lower than the best values achieved with triplet emitters in
a TAZ-host [126]. A reason could be that the very low TAZ HOMO level of
– 6.6 eV favors direct injection and transport at the dopant level and therefore
the exciton escaping rate from the dopant to the host becomes negligible. This
impressive value of quantum efficiency is based on a well-balanced charge
ratio inside the emission layer, without any leaking current to the anode nor
to the cathode side. Other experiments by Berner et al. [127] have shown how
to get nearly equalized charge balance by using ITO/CuPc on the anode side
and LiF/Al on the cathode side, taking into account the hole-blocking capa-
bilities of BCP and the electron-blocking capabilities of α-NPD [128–131].
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Fig. 35 Electrophosphorescence of complex 53 in a CBP matrix for the 3% (black line)
and 12% (gray line) doped cases are shown. Additionally, the luminance versus voltage is
presented for the 9% doped case

For the 6 mol % doped device the number of dopant molecules inside the
doped volume can be calculated with the hypothesis of homogeneous distri-
bution of the molecules. With 12 µs of the averaged lifetime of the excited
state of complex 53 and the additional assumption of homogeneous distri-
bution of excited molecules, the upper level of the effective distance between
excited molecules as a function of the current density can be estimated.
Thereby, the charge density distribution was admitted to half of the doped
zone, which is a reasonable assumption as demonstrated by model calcula-
tions [127]. This effective distance is directly related to the current-dependent
quantum efficiency η(I) of the device.

Figure 35 shows the electrophosphorescence spectra of complex 53 for 3%
and 12% doped in CBP. A slight red shift for increasing doping concentration
is seen, but the emission spectra were independent of current densities up
to 150 mA cm–2. The same emission peak is found from a solution phospho-
rescence spectra of complex 53. The emission peaks of α-NPD and the host,
which are located in the blue at around 440–450 nm and around 480 nm, or
intermediate exciplexes are not present. Another characteristic of phospho-
rescent dyes is the considerable reduction of the linewidth of the emission
spectra compared to standard luminescence materials like Alq3. In the case of
complex 53, the line width is only 52 nm (compared to an undoped Alq3 emis-
sion where the line width is 83 nm), which leads to the saturated color that
is necessary for high-performance color displays, assuming that the emis-
sion maximum is well located around one of the primary colors green, blue,
or red.
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2.8
Light-Emitting Electrochemical Cell Device Architecture

Another type of organic light emitting device is the light-emitting elec-
trochemical cell (LEC), which makes use of ionic charges to facilitate
electronic charge injection from the electrodes into the organic molecu-
lar semiconductor, eliminating the need for extra layers [78–82, 132]. This
is a promising alternative to OLED, particularly for large-area lighting
applications [82, 133–135]. In these cells a thicker organic active layer can
be used, while keeping the operating voltage low, and a low-workfunction
metal electrode is not needed. Recently, cationic Ir complexes 43 and 45 were
incorporated in LECs leading to yellow [136] and blue-green [49, 111] electro-
luminescence.

To investigate the electroluminescence properties of the cationic complex 45
[Ir(2-phenylpyridine)2(4,4′-dimethylamino-2,2′-bipyridine)]PF6, LECs were
fabricated in a nitrogen atmosphere glovebox [82]. They consisted of a 100 nm
spin-coated layer of pristine 45 sandwiched between an ITO and an evaporated
Ag electrode [106].

It is well known that solid-state LECs exhibit a significant response time
since electroluminescence can only occur after the ionic double-layers have
been built up at the electrode interfaces [79, 82]. Since in this case only the
PF–

6 anion is mobile, the double-layers are formed by accumulation and de-
pletion of PF–

6 at the anode and cathode, respectively. The LEC device with
45 started to emit blue-green light at a bias of 5 V after several minutes. The
electroluminescence spectrum, as shown in Fig. 36 (trace a), is very similar
to the photoluminescence spectrum recorded for a spin-coated film on glass
and of a solution of the complex. For comparison, the electroluminescence

Fig. 36 Electroluminescence spectra of ITO/EL layer/Ag devices, where the EL layer con-
sists of [Ir(ppy)2(dma-bpy)]PF6 (a), [Ir(ppy)2(bpy)]PF6 + PMMA (b), and [Ru(bpy)3]
(PF6)2 + PMMA (c)
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spectra recorded for similar devices with [Ir(ppy)2(bpy)]PF6 (trace b, yellow
emission) and [Ru(bpy)3](PF6)2 (trace c, orange/red emission) as active ma-
terial are also shown [82]. The fact that blue-green emission is obtained with
an Ag cathode at a voltage as low as 2.5 V indicates the power of the LEC
behavior.
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