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Dye-sensitized (Grätzel) Solar Cells
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DSSC schematic showing the electrolyte filled TiO2 film attached to
the transparent electrode. The Iodine redox shuttle is in an electrolyte
mixture of a Li-Iodine salt and a solvent.
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The Dye molecule
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LUMO - HOMO = energy harvest/photon
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LUMO verses HOMO

Yoon-Bo Shim, Pusan National University, South Korea
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Spectrum and IPCE

IPCE = Incident Photon to Collected Electron (ratio) is a standard measurement of
dye efficiency and overall electron loss.
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First Step: Back of Envelope Calculation
Incident solar light is typically 1000 Watts/m2 and a reference wave-length of
λ = 500nm. From the photonic energy relation

Ephoton =
hc

λ
,

where Planck’s constant is h = 6.626 × 10−34J-s, and the speed of light in a
vacuum is c = 3× 108m/s, we find

Ephoton = 3.98× 10−19J.

The incident photon flux is thus

Ninc =
1000 J

m2s
Ephoton

= 2× 1021photon

m2s
,

Using Avagadro’s number = 6.02× 1023/mole, yields the photonic molar flux

Ninc = 4× 10−3moles

m2s
.
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Dancing in the Dark
If every photon is converted to an electron the incident current is

Iinc =
Ninc

F
= 4× 10−2 A

cm2
.

The dye density is roughly, 1 molar = 103moles/m3.

The dye-photon “hit-rate” for perfect absorption in a cell of depth of ld = 5µm is

Hits <
Ninc

ld ×Dye density
=

4× 10−3moles
m2s

5× 10−6m× 103moles
m3

= 0.8
photon

s
,

less than one hit a second. Better estimate is one hit every 5 seconds.
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Energy Levels and Kinetics

Forward Reactions
hν + D→Rinj

D+ + e−(TiO2)

3I− + 2D+ →Rregen I−3 + 2D

I−3 + 2e−(cathode)→Rcath
3I−

Back Reactions
I−3 + 2e−(TiO2)→Rback

3I−

D+ + e−(TiO2)→ D

The open-circuit (max) voltage depends upon back-reaction and is bounded by

VOC ≤ VFermi − Velectrolyte.

The short-ciruit (max) current depends upon the light-capture efficiency.
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Fermi-Levels and Transport

The chemical diffusion coefficient, Dn, is the diffusion
coefficient that is measured in transient methods.13 Using the
quasi-static approximation,13 it can be shown that the chemical
diffusion coefficient in the MT framework contains, in addition
to the diffusion coefficient at the transport level, D0, another
factor related to the local equilibration of charge in the energy
axis:

The term ∂nc/∂nL in eq 5 is the relationship of the free to trapped
number of electrons for a small variation of the Fermi level. If
this term is small, which occurs when EFn < Ec - kBT, eq 5
reduces to the expression

The prefactor ∂nc/∂nL describes the delay of the response of

the chemical diffusion coefficient, with respect to the free
electron diffusion coefficient, by the trapping and detrapping
process.13 The calculation of the chemical diffusion coefficient
in eq 6 for an exponential distribution gives an exponential
dependence on the Fermi-level position as follows:45

The functional dependence in eq 7 is a consequence of the
exponential variation of the time constant for detrapping when
the Fermi level scans the band gap in Figure 5a. On another
hand, the MT model (eq 5) also predicts that, when (∂nc/∂nL)
g 1 at EFn ≈ Ec - kBT, Dn ≈ D0; that is, the chemical diffusion
coefficient should coincide with the constant diffusion coef-
ficient of the free electrons at the transport level. This is due to
trap saturation that removes the variation of Dn with the Fermi
level. The complete dependence of the chemical diffusion
coefficient on the Fermi level position in this model, at different
temperatures, is illustrated in Figure 5c.
Measurements of the electron (chemical) diffusion coefficient

in DSC have been realized by small perturbations over different

Figure 5. (a) Schematic energy diagram of the electronic processes governing electron transport in a TiO2 nanoparticle in DSC. EF0 shows the
position of the Fermi level in the dark, which is equilibrated with the redox potential (EF,redox) of the iodide-triodide couple. EFn is the Fermi level
of the electrons accumulated in the nanoparticles, and EC is the conduction band energy. The shaded region indicates the band gap states that are
occupied by electrons below the Fermi level (zero-temperature approximation of the Fermi-Dirac distribution). The arrows show the transport of
the electrons at the transport level and at a trapping-detrapping event. (b) Quantitative representation of the thermal occupation at T ) 300 K
(thick line) of an exponential DOS in the band gap (thin line) with T0 ) 800 K and NL ) 1020 cm-3, as determined by the Fermi-Dirac distribution
function (dashed line). The dotted line indicates the distribution of the carriers at T ) 400 K. (c) Quantitative representation of the chemical
diffusion coefficient of the electrons in the multiple trapping model, assuming the density of the transport states Nc ) 7 × 1020 cm-3 and D0 ) 0.01
cm2 s-1. The thin lines indicate the exponential dependence on the Fermi level.

Dn )
1

1 +
∂nL
∂nc

D0 (5)

Dn ) (∂nc∂nL)D0 (6)

Dn )
NcT0
NLT

exp[(EFn - Ec)( 1kBT - 1
kBT0)]D0 (7)

High Efficiency Dye-Sensitized Solar Cells J. Phys. Chem. B, Vol. 110, No. 50, 2006 25215

The chemical diffusion coefficient, Dn, is the diffusion
coefficient that is measured in transient methods.13 Using the
quasi-static approximation,13 it can be shown that the chemical
diffusion coefficient in the MT framework contains, in addition
to the diffusion coefficient at the transport level, D0, another
factor related to the local equilibration of charge in the energy
axis:

The term ∂nc/∂nL in eq 5 is the relationship of the free to trapped
number of electrons for a small variation of the Fermi level. If
this term is small, which occurs when EFn < Ec - kBT, eq 5
reduces to the expression

The prefactor ∂nc/∂nL describes the delay of the response of

the chemical diffusion coefficient, with respect to the free
electron diffusion coefficient, by the trapping and detrapping
process.13 The calculation of the chemical diffusion coefficient
in eq 6 for an exponential distribution gives an exponential
dependence on the Fermi-level position as follows:45

The functional dependence in eq 7 is a consequence of the
exponential variation of the time constant for detrapping when
the Fermi level scans the band gap in Figure 5a. On another
hand, the MT model (eq 5) also predicts that, when (∂nc/∂nL)
g 1 at EFn ≈ Ec - kBT, Dn ≈ D0; that is, the chemical diffusion
coefficient should coincide with the constant diffusion coef-
ficient of the free electrons at the transport level. This is due to
trap saturation that removes the variation of Dn with the Fermi
level. The complete dependence of the chemical diffusion
coefficient on the Fermi level position in this model, at different
temperatures, is illustrated in Figure 5c.
Measurements of the electron (chemical) diffusion coefficient

in DSC have been realized by small perturbations over different

Figure 5. (a) Schematic energy diagram of the electronic processes governing electron transport in a TiO2 nanoparticle in DSC. EF0 shows the
position of the Fermi level in the dark, which is equilibrated with the redox potential (EF,redox) of the iodide-triodide couple. EFn is the Fermi level
of the electrons accumulated in the nanoparticles, and EC is the conduction band energy. The shaded region indicates the band gap states that are
occupied by electrons below the Fermi level (zero-temperature approximation of the Fermi-Dirac distribution). The arrows show the transport of
the electrons at the transport level and at a trapping-detrapping event. (b) Quantitative representation of the thermal occupation at T ) 300 K
(thick line) of an exponential DOS in the band gap (thin line) with T0 ) 800 K and NL ) 1020 cm-3, as determined by the Fermi-Dirac distribution
function (dashed line). The dotted line indicates the distribution of the carriers at T ) 400 K. (c) Quantitative representation of the chemical
diffusion coefficient of the electrons in the multiple trapping model, assuming the density of the transport states Nc ) 7 × 1020 cm-3 and D0 ) 0.01
cm2 s-1. The thin lines indicate the exponential dependence on the Fermi level.

Dn )
1

1 +
∂nL
∂nc

D0 (5)

Dn ) (∂nc∂nL)D0 (6)

Dn )
NcT0
NLT

exp[(EFn - Ec)( 1kBT - 1
kBT0)]D0 (7)

High Efficiency Dye-Sensitized Solar Cells J. Phys. Chem. B, Vol. 110, No. 50, 2006 25215

Juan Bisquert J. Phys. Chem. B 110 (2006).
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Fermi-Level Dependencehave also been used to study the dynamics of electrons in
DSCs under different conditions.41

Further work is needed to determine whether the density
and energetic distribution of electron traps is an intrinsic prop-
erty of the oxide or whether it also depends on factors such
as the composition and ionic strength of the electrolyte phase,
as might be expected if trapping is due to electron-ion inter-
actions rather than defect states in the oxide.

Conclusions
Although considerable progress has been made in the past
decade, this brief survey suggests that several important ques-
tions about the behavior of “sticky” electrons in the DSC
remain unanswered. Probably the most fundamental of these
concerns the nature of the electron traps that appear to dom-
inate the time-dependent photocurrent and photovoltage
response of DSCs. The origin of the nonideality factor also
remains to be clarified, as does the discrepancy in electron dif-
fusion length values determined by steady-state and non-
steady-state methods.

The author thanks present and past members of his research
group as well as Alison Walker (Department of Physics, Uni-
versity of Bath), who have all contributed to the understand-
ing of DSCs. Financial support for this work has been
provided by the UK Engineering and Physical Science
Research Council (EPSRC).
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Marcus Theory– Back Reaction Rates

Predicts rate of electron transfer, ket, between solvated ions/interfaces. Incorpo-
rates rearrangement energy, λ, of solvation spheres required after charge transfer

ket =
2π

~
|HAB|2√
4πλkbT

exp

(
−

(λ+ ∆G◦)2

4λkbT

)
.

(left) Free energy verses ’reaction coordinate’, showing strength of coupling,HAB,
between donor and acceptor states, liberated (Gibbs) free energy ∆G◦, and the
reorganization energy, λ. (right) ln ket verses ∆G◦ for transfer to an acceptor
with differing numbers of aromatic hydrocarbons, and hence differing ∆G◦.
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J-V Curves
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Open Circuit Voltage (OCV), Short Circuit Current (SCC), Incident Photon Con-
version Efficiency (IPCE), Fill Factor (FF), Cell Efficiency.
A simple model reproduces the experimental current-voltage relations.
Typical DSSCs have VOC = 0.7 − 0.8V and ISC = 10 − 15 mA/cm2, with
conversion efficiencies of 11%.
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Vanilla Cell Model
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(Left) Typical voltages in the DSSC in the absence of back reaction. The TiO2

fills trap levels raising the Fermi level. The fill rate decreases as the difference
between the excited dye state, Vd+E0 and the trap level Vc decrease. Photons
excite the dye from its HOMO Vd to its LUMO level Vd + E0. The observed
cell voltage V is difference between cathode and anode voltages. The redox
shuttle recharges the oxidized dye at a rate dependent upon the voltage differ-
ence Ve − Vd. (Right) Back reactions, depicted in red, can recombine trapped
electrons from the TiO2 to oxidized dye states D+ or to the redox shuttle, at
rates that depend upon the voltage differences.
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Rate Equations
The total dye concentration, total Iodine, and charge balance

CD = D+ +D,

CI = 2I2 + I− + 3I−3 ,

I− + I−3 + nc = Li+ +D+.

The buffering reaction is fast, which yields the equilibrium relation

I2I
−

I−3
=
k−bf

k+
bf

= kbf = 10−7.

The remaining, dynamic variables are the concentration of electrons in the conduc-
tion band

dnc

dt
=

injection rate︷︸︸︷
Rinj −

back reaction rate︷ ︸︸ ︷
2Rback −

cathode rate︷ ︸︸ ︷
2Rcath .

and the oxidized dye
dD+

dt
= Rinj − 2Rregen.
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The cell voltage is either prescribed or set via an external resistance relation

V = JcellΩext = 2RcathΩext,

where the cell current is equal to twice the cathode reaction rate.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
−3

−2

−1

0

1

2

3

4

5

6

Voltage (V)

C
ur

re
nt

 (m
A)

 

 
simulation
experimental

16



Dark-Cell Decay
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A better diagnostic experiment is the dark-cell decay:
A cell is illuminated until steady-state, the light is extinguished and the voltage
is recorded as a function of time. This gives a strong measurement of the back
reaction rate.
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Blocking Layer

electrode. Finally, the cells were filled with the redox electrolyte,
which consisted of 0.85 M methylhexylimidazolium iodide, 0.1
M LiI (anhydrous 99.999%, Aldrich), 0.05 M I2 (anhydrous
99.999%, Aldrich), and 0.2 M tert-butylpyridine (99%, Aldrich)
in acetonitrile. The thickness of the nanocrystalline layers was
determined by profilometry to be in the range 13-17 µm. The
IV characteristics of cells with blocking layers were found to
be superior to those of cells prepared using clean bare FTO
(better open circuit photovoltage and higher fill factor).

The characterization of bare and blocked substrates by
electrochemical impedance spectroscopy has been described
previously.10 The capacitance of the highly doped bare electrode
over the range of the photovoltage decay is on the order of 5
µF cm-2, whereas the capacitance of the blocked electrodes is
lower (in this case 1 µF cm-2) as a consequence of the lower
doping density of the TiO2 layer (typically 1018 cm-3). The
measured capacitance values were used to correct the charge
extraction data. In the case of the bare electrode, the correction
amounted to 30% of the total charge, whereas, in the case of
the cell with the blocking layer, the correction was less than
10%.

Photovoltage decay and charge extraction measurements were
made using a purpose-built instrument developed from a setup
described earlier.13 The system (shown schematically in Figure
4) allows the cell to be illuminated under open circuit conditions
with a light-emitting diode for a specified time, after which the
photovoltage decay is recorded for a further period before the
cell is short circuited through a measuring resistor by means of
a fast relay switch. The current observed when the cell is short
circuited across the measurement resistor is due to the collection
of electrons still remaining in the nanocrystalline oxide film
after the photovoltage has been allowed to decay for a certain
time. This current transient is integrated using a low drift
(chopper stabilized) integrator to obtain the trapped charge.

Voltage and charge transients were recorded using a digital
oscilloscope and transferred to a PC for data treatment. The
quantity of trapped charge was determined as a function of the
photovoltage by repeating the measurements with different decay
periods determined by the timer. The density of states function
for electron traps was then obtained by numerical differentiation
after appropriate corrections for the contribution of substrate
charging were made.

Results and Discussion

Our previous work12 has shown that the photovoltage decay
of DSCs is very slow when a thin blocking layer of TiO2 is
used to inhibit the back-reaction of electrons with I3- at the
FTO substrate. An example of the extraordinarily slow decay
that was observed for a number of different cells with blocking
layers is shown in Figure 5a (a voltage amplifier with an input
impedance of greater than 1012 Ω was used to measure this
decay). Figure 5b shows that the photovoltage decay follows
the logarithmic dependence on time characteristic of an expo-
nential distribution of trapping states for at least 1000 s. In
contrast, DSCs with bare clean FTO substrates generally exhibit
much more rapid photovoltage decays. The apparent values of
τnf or the two types of cells derived using eq 5 have been
discussed previously.12

Figure 6 shows an example of the photovoltage transient
measured using the same cell during the charge extraction
measurement. In this particular case, the cell was short circuited
for 20 s and then switched to open circuit gain. Only a small

Figure 4. Schematic diagram of the apparatus used in the charge
extraction measurements. DSO indicates the digital storage oscilloscope
controlled by a PC.

Figure 5. (a) Example of the extraordinarily slow photovoltage decay
seen for cells with a thin compact blocking layer of TiO2 to limit the
back-reaction at the substrate. (b) Semilogarithmic plot showing that
the photovoltage decay depends on log t, as expected for an exponential
distribution of electron traps.

15432 J. Phys. Chem. B, Vol. 109, No. 32, 2005 Bailes et al.

Much of the back reaction is from the transparent fluorine doped tin oxide (SnO2:F)
or FTO collection plate, adding a blocking layer of pure TiO2 greatly reduces this
mode of back reaction.
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How to Improve DSSCs?

• Replace Ruthenium with a cheaper (organic) dye

• Replace Pt electrode with a non-precious metal (Exfolieated Graphene)

• Reduce the back reaction by replacing electrolyte mixtures.

• Eliminate volatility of the electrolyte, which leads to leakage, evaporation, and
expansion upon freezing.

Replace electrolyte with

• Organic and inorganic hole-transport materials

• Polymers and poly-electrolyte gels

• Ionic Liquids

Caveats: Pay attention to compatibility of new electronic transporter with TiO2/dye
and potential back-reaction rates.
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Solid-State (Polymer) Hole Transport Polymers verses Gels

Such fast kinetics for hole injection from the dye to the hole conductor and
favorable energetics for this process are crucial for the development of efficient solid-
state DSSCs. In the work of Mahrov et al. [111], the injection of charge carriers from
dye molecules absorbed on hole conductors was investigated by transient and
spectral photovoltage measurements that were performed as previously described
[112]. When specific illumination was applied, a negative photovoltage signal
that arose due to the spatial charge separation between two electrodes was obtained.
This means that the positive charge is injected from the dye molecules into the
hole conductors, while the negative charge remains on the adsorbed dye mole-
cules. What should be emphasized is that the photovoltage technique can be
applied to any system that includes optically induced charge transfer and can
therefore be a useful tool to improve the understanding of DSSCs with solid-state
hole conductors.

In 2003, Haque et al. [113] studied the yield of hole transfer from dye cations
anchored on nanocrystalline TiO2 to a sequence of TPD-based organic p-type
semiconductors using transient absorption spectroscopy. They found that the yield
of hole transfer is controlled not by kinetic competition at the TiO2/dye/HTM
interface but by DG(dye!HTM) , which is defined as DG(dye!HTM) ¼ Em(HTM+/
HTM)!Em(Dye+/Dye). They concluded that this free energy difference is
inhomogeneously broadened, which is most probably caused by local variations in
the electrostatics of the interface, and these local variations require a large average
DG(dye!HTM) in order to achieve a high hole-transfer yield.

As the efficiency of solid-state DSSCs is relatively lower than that of liquid-state
DSSCs, much attention has been paid to exploring the internal restriction factors of

ARTICLE IN PRESS

Fig. 5. Schematic diagram of charge transporting in solid-state DSSCs with organic HTMs.

B. Li et al. / Solar Energy Materials & Solar Cells 90 (2006) 549–573 565
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Dye-sensitized solar cells — devices based on 
molecular dyes capable,in their photo-excited
state,of injecting electrons into the conduction

band of oxide semiconductors — are currently attracting
wide interest due to their potential to convert solar into
electric energy at low cost.The practical exploitation of
this technology ultimately requires cheap fabrication of
devices that exhibit both efficient power conversion and
long operating lifetimes.Unfortunately,to date it hasn’t

been possible to combine optimum efficiency of these
devices with good stability and processability.On page
402 of this issue,Wang and colleagues1 report the 
fabrication of a ‘quasi-solid state’dye-sensitized device
that combines a reasonable power-conversion efficiency
(6% under air mass 1.5 illumination) with impressive
stability even at temperatures as high as 80°C.This device
uses a novel combination of a polymer gel electrolyte
and an amphiphilic dye,as illustrated in Fig.1.

The efficiency of dye-sensitized, nanocrystalline
solar cells has been reported2 to reach 10%. However,
such efficiency values have only been achieved using a
liquid electrolyte as the hole-conducting element of
the cell. Several practical problems related to the
presence of liquid electrolytes (leakage, desorption 
of the dye, corrosion of the electrodes) have held 
back the technological development of such devices.
Other studies have focussed on the development of all
solid-state dye-sensitized photovoltaic devices using
organic hole-conducting materials, but have achieved
only modest device efficiencies — about 3% at best.

Lying between these two extremes,quasi-solid-state
dye-sensitized solar cells were first reported3 in 1995 by a
group of researchers at John Hopkins University
(Baltimore,USA).They showed that the liquid
electrolyte could be replaced by a polymer gel
electrolyte.The process of gelation in such devices is
analogous to the formation of children’s jelly: a suitable
polymer is dissolved in a liquid at an elevated
temperature.On cooling below TSG (the solution-to-gel
transition temperature) the solution thickens to give a
room-temperature gel.Polymer gel electrolytes are
polymer gels that contain ionic species, typically for
dye-sensitized solar cells an iodide/iodine redox couple,
dissolved in an organic solvent.They can exhibit ionic
conductivities similar to the ungelled electrolyte,but at
the same time can have mechanical properties similar to
those of a solid,hence the terminology quasi-solid state.
The attraction of polymer gel electrolytes for dye-
sensitized photovoltaic cells lies in their ability to
penetrate readily into the film pores at temperatures
above the TSG, that is,when they are in the liquid state
(extensive pore penetration is essential for the
formation of electrical junctions),whereas after cooling
below the TSG they form a solid film.This has advantages
for both device processability and stability.

Since 1995,several groups have tried to realize the
potential of quasi-solid-state dye-sensitized devices
through a variety of approaches.These include the
replacement of the liquid electrolyte component of the
gel with an ionic liquid (a liquid made entirely of

Figure 1The design for optimal stability and efficiency in a dye-sensitized solar cell.The device made by
Wang and colleagues1 is based on a novel composite film comprising a mesoporous,nanocrystalline TiO2 film
(the grey spheres) sensitized by an amphiphilic ruthenium dye (the red molecules),with polymer gel
electrolyte (brown lines) interpenetrated into the film pores.This system is sandwiched between two
transparent conducting oxide (TCO) electrodes.The function of the device is based on a photo-induced charge
separation at the TiO2/dye/electrolyte interface.Light absorption by the sensitizer dye drives electron transfer
from the excited state of the dye into the conduction band of the nanocrystalline TiO2.The dye subsequently
returns to its ground state through electron donation from iodide ions in the gel electrolyte.Re-reduction of the
iodine to iodide ions is achieved at the platinized counter electrode.

SOLAR CELLS

A solid compromise
Efficiency of power conversion and thermal stability usually 
don’t go together in dye-sensitized solar cells. Now a novel
combination of an amphiphilic dye and a polymer gel electrolyte
features both these important properties.
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• Solid State Polymer hole conductors have no volatile solvents, but generically
have poor connectivity to the dye molecules.

• Embedding the iodine redox shuttle in a polymer gel matrix reduces need for
Lithium, and entraps solvent in a porous network that dramatically limits its
volatility and swelling, yet may preserve its role as a charge transfer mediator at
the dye interface.
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