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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
hc
Ephoton =
,
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 J2
21 photon
m
s
= 2 × 10
=
,
2
Ephoton
m s

Using Avagadro’s number = 6.02 × 1023/mole, yields the photonic molar flux
Ninc = 4 ×

−3 moles
10
.
2

m s
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Dancing in the Dark
If every photon is converted to an electron the incident current is
Iinc =

Ninc
F

A

−2

= 4 × 10

2

cm

.

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
4 × 10−3 moles
2
photon
m
s
=
,
Hits <
= 0.8
moles
ld × Dye density
s
5 × 10−6m × 103
3
m
less than one hit a second. Better estimate is one hit every 5 seconds.
Ninc
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Energy Levels and Kinetics

Forward Reactions
hν + D →Rinj D+ + e−(TiO2)
3I− + 2D+ →Rregen I−
3 + 2D
−
−
I−
+
2e
(cathode)
→
3I
R
3
cath
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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High Efficiency Dye-Sensitized Solar Cells

Juan

Fermi-Levels and J.Transport
Phys. Chem. B, Vol. 110, No. 50, 2006
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Figure 5. (a) Schematic energy diagram of the electronic processes governing electron transport in a TiO2 nanoparticle in
position of the Fermi level in the dark, which is equilibrated with the redox potential (EF,redox) of the iodide-triodide couple.
of the electrons accumulated in the nanoparticles, and EC is the conduction band energy. The shaded region indicates the ba
Bisquert
J.electrons
Phys.below
Chem.
B 110
(2006).
occupied by
the Fermi
level (zero-temperature
approximation of the Fermi-Dirac distribution). The arrows
the electrons at the transport level and at a trapping-detrapping event. (b) Quantitative representation of the thermal occu
(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 Fer
function (dashed line). The dotted line indicates the distribution of the carriers at T ) 400 K. (c) Quantitative represent
diffusion coefficient of the electrons in the multiple trapping model, assuming the density of the transport states Nc ) 7 × 10
cm2 s-1. The thin lines indicate the exponential dependence on the Fermi level.

The chemical diffusion coefficient, Dn, is the diffusion
coefficient that is measured in transient methods.13 Using the
10 the chemical
quasi-static approximation,13 it can be shown that
diffusion coefficient in the MT framework contains, in addition
to the diffusion coefficient at the transport level, D0, another

the chemical diffusion coefficient, with
electron diffusion coefficient, by the trapp
process.13 The calculation of the chemical d
in eq 6 for an exponential distribution gi
dependence on the Fermi-level position as

interface. J.
absorbance arises from trapped electrons.
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and energetic distribution of electron traps is an intrinsic prop2000, 104,
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erty of the oxide or whether it also depends on factors such
York, 1981.
as the composition and ionic strength of the electrolyte phase,
11 Södergren,
action spec
as might be expected if trapping is due to electron-ion intersemiconduc
actions rather than defect states in the oxide.
5552–5555
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Although considerable progress has been made in the past
sensitized n
decade, this brief survey suggests that several important ques15 Haque, S. A
kinetics in d
tions about the behavior of “sticky” electrons in the DSC
applied bias
remain unanswered. Probably the most fundamental of these
16 Montanari,
sensitized n
concerns the nature of the electron traps that appear to dom17 Gregg, B. A
inate the time-dependent photocurrent and photovoltage
in dye-sens
B 2001, 10
11
response of DSCs. The origin of the
nonideality factor also
18 Nusbaumer
remains to be clarified, as does the discrepancy in electron difredox coupl

Marcus Theory– Back Reaction Rates
Predicts rate of electron transfer, ket, between solvated ions/interfaces. Incorporates rearrangement energy, λ, of solvation spheres required after charge transfer

2
◦ 2
2π |HAB |
(λ + ∆G )
ket =
exp −
.
√
~ 4πλkbT
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
6
simulation
experimental
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Open Circuit Voltage (OCV), Short Circuit Current (SCC), Incident Photon Conversion 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
Dye Electrolyte

Anode

Va
Redox

E0

Ve

Vc

TiO2
Voltage

Voltage

TiO2

V
cell
voltage

Dye Electrolyte

Cathode

Va
Redox

E0

Vc

V
cell
voltage

Ve

Vd

Vd

(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 difference 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 − + I3− + nc = Li+ + D +.
The buffering reaction is fast, which yields the equilibrium relation
I2I−

=

−
kbf

= kbf = 10−7.

+
kbf
I−
3
The remaining, dynamic variables are the concentration of electrons in the conduction band
injection rate
back reaction rate
cathode rate
z}|{
z }| {
z }| {
dnc
=
Rinj
−
2Rback
− 2Rcath .
dt
and the oxidized dye
dD +
= Rinj − 2Rregen.
dt
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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.
6
simulation
experimental
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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

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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D

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

Solid-State (Polymer) Hole Transport Polymers verses Gels
ARTICLE IN PRESS

B. Li et al. / Solar Energy Materials & Solar Cells 90 (2006) 549–573
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Fig. 5. Schematic diagram of charge transporting in solid-state DSSCs with organic HTMs.

Figure 1 The 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
state DSSCs. In the work of Mahrov et al. [111], the injection of charge carriers from separation at the TiO2/dye/electrolyte interface.Light absorption by the sensitizer dye drives electron transfer
dye molecules absorbed on hole conductors was investigated by transient and from the excited state of the dye into the conduction band of the nanocrystalline TiO2.The dye subsequently
spectral photovoltage measurements that were performed as previously described returns to its ground state through electron donation from iodide ions in the gel electrolyte.Re-reduction of the
[112]. When specific illumination was applied, a negative photovoltage signal iodine to iodide ions is achieved at the platinized counter electrode.
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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 the20
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
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