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Abstract

Interfacial energetics and kinetics are far more important in dye-sensitized solar cells than in conventional solar cells. The huge interfacial
area of the nanoporous semiconductor device, with electrolyte permeation throughout the bulk, results in a number of unusual physical
characteristics. For example: dark currents can no longer be quantitatively compared to photocurrents; both equilibrium and photoinduced
electric fields are rapidly screened throughout the bulk of the cell; the energetics for the crucial processes of electron injection, charge separation
and charge recombination are not fixed but depend on a number of dynamic variables; and the open circuit photovoltage is controlled by the
photoinduced interfacial chemical potential gradient instead of the built-in equilibrium potential difference. Surface states induced by UV
illumination can enhance the photoconversion process in contrast to their detrimental role in conventional cells. Finally, recombination rates
can be substantially decreased by modifying the semiconductor/electrolyte interface, rather than by optimizing bulk properties. These effects
are described and explained.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Dye-sensitized solar cells[1–4], DSSCs or dye cells, are
the most promising alternative to conventional solar cells
conceived in recent years. They also function by a much
different mechanism than conventional solar cells, a mech-
anism that emphasizes interfacial processes rather than the
bulk processes that mostly control silicon p–n junctions
and other conventional cells. Conventional photovoltaic
(PV) cells are minority carrier devices with planar inter-

∗ Tel.: +1-303-384-6635; fax:+1-303-384-6632.
E-mail address: brian gregg@nrel.gov (B.A. Gregg).

faces/junctions in which both electrons and holes coexist
in the same chemical phase: their efficiency is therefore
determined by the ability of photogenerated minority carri-
ers (say, electrons in a p-type material) to escape from that
side of the device before recombining with the majority
carriers[5]. Interfaces are also important in these devices,
but the essential processes of photogeneration, separation
and recombination of charge carriers all occur primarily in
the bulk material. Therefore, bulk properties such as crys-
tallinity and chemical purity often control the efficiency of
conventional solar cells, and optimizing these properties
can be expensive.

Dye cells, on the other hand, are a special class of major-
ity carrier devices in which the density of minority carriers

0010-8545/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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is insignificant: electrons are found almost exclusively in
one phase and holes in another. Charge carriers are gener-
ated at the heterointerface between the electron-conducting
and hole-conducting phases via light absorption by the sen-
sitizing dye and subsequent photoinjection of an electron
into the semiconductor and hole injection into the solution.
This interfacial mode of carrier generation is fundamentally
different from the bulk generation occurring in conventional
cells and is responsible for many of the unusual features of
dye cells (and most other organic-based solar cells)[5,6].
Photogeneration, separation and recombination occur almost
exclusively at the heterointerface in dye cells, and thus the
properties of these interfaces are of paramount importance,
while bulk properties are less critical. This allows the use
of less pure and therefore less expensive materials. In most
other “excitonic” solar cells[6], photogenerated excitons
(mobile excited states) must diffuse to the interface before
dissociating. In DSSCs, however, the excited states are cre-
ated right at the interface. The lack of exciton diffusion in
DSSCs, and the absence of significant electric fields, make
DSSCs the conceptually simplest of the excitonic solar cells
and the cell type best able to provide unambiguous answers
to some fundamental questions.

Photoelectrochemical (PEC) cells[7–9] represent a class
intermediate between conventional solid state p–n junction
cells and DSSCs. They usually involve a single crystal semi-
conductor electrode immersed in an electrolyte and electri-
cally connected thereby to a counter electrode; they may be
dye-sensitized, or the semiconductor itself may absorb the
light. In the latter case, PEC cells are quite similar to conven-
tional PV cells in the sense that charge generation, separation
and much of recombination occur in the bulk semiconductor
which has a Schottky junction at the semiconductor-solution
interface to separate charges. Still, interfacial properties are
crucial to such devices because the surface states are often
recombination centers. Dye-sensitized PEC cells[10–13]
were the first examples of DSSCs, although they were quite
inefficient because they relied on only a monolayer of dye
on a planar semiconductor surface to absorb light. In this
case, charge generation and separation are similar to what
occurs in the nanocrystalline DSSCs, but charge separation
is still driven by the internal electric field (band bending)
[14,15] which is not available to the Grätzel-type DSSC.

Fig. 1. This distributed resistor network models approximately how the applied potential is distributed across a DSSC under steady state conditions. This
is purely an electrical model that does not take mobile electrolyte into account, therefore, potentials at the nodes are electrical potentials, whereas in a
true DSSC, all internal potentials are electrochemical in nature.

For the most part we distinguish only between conven-
tional cells such as silicon p–n junctions and Grätzel-type
DSSCs. In a few cases, we make comparisons to PEC cells.

2. Interpenetrating bicontinuous phases

A fundamental feature of the DSSC is that electrical po-
tentials are strongly screened by the electrolyte solution. The
nanostructuring of the TiO2 substrate allows electrolyte ions
to move throughout the “bulk” of the device and thus neu-
tralize all electric fields, equilibrium or photoinduced, within
∼1 nm throughout the bulk of the device and within at most
a particle diameter,∼15 nm, at the substrate surface. This
apparently simple feature has a multitude of consequences
and makes the DSSC fundamentally different from conven-
tional semiconductor solar cells which rely entirely on the
internal (“built-in”) electric field to function[5].

We discuss ionic screening in the next section; but there
is also another type of electrical screening. This results from
the interpenetrating bicontinuous phases (semiconductor and
redox solution) that is characterisic of a DSSC (and of bulk
heterojunction devices[16,17]). The two phases have dif-
ferent conductivities and polarizabilities, and those of the
semiconductor are highly dependent on light intensity, wave-
length and applied potential. Therefore, the average path that
the current follows through the device will also depend on
these variables. The current will take the distributed path
of least resistance (or least impedance for oscillatory po-
tentials). It is possible to use a simple distributed resistor
model (Fig. 1) to show that the steady state potentials ap-
plied to the electrodes of a DSSC are often strongly screened
near the electrodes because the electrolyte is much more
conductive than the TiO2 in the dark[15,18,19]. Upon illu-
mination, however, both the electron concentrationand the
electron diffusion coefficient in the TiO2 increase by three
to four orders of magnitude over a cell at equilibrium[20],
meaning that the conductivity of the TiO2 should increase
by six to eight orders of magnitude upon illumination. In
this case the applied potential extends much deeper into the
device. The spatial extent of the applied potential also de-
pends strongly on the rate constant for interfacial electron
transfer across the TiO2/solution interface[15]. In conven-
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tional (planar junction) solar cells there is only one possible
current pathway, so a simple one-dimensional spatial model
is appropriate. But DSSCs are far more complex and require
careful consideration of their convoluted geometry.

The complexities resulting from the interpenetration of
two continuous (semi)conducting phases also eliminate the
possibility of quantitatively comparing the dark currents to
the photocurrents, which is a primary analytical tool used
with conventional solar cells. The dark current will follow a
different average pathway through the cell than the photocur-
rent, as described above. Furthermore, the dark current and
photocurrent are governed by different mechanisms: the dark
current is controlled by carrier injection from the electrodes,
while the photocurrent is controlled by photoinjection from
the dye and recombination processes at the TiO2/solution
interface. These two processes are distinct and occur at dif-
ferent interfaces. Therefore, it is not possible to gain a quan-
titative understanding of the DSSC photovoltaic behavior
by studying its characteristics in the dark. Nevertheless, a
qualitative comparison is still possible: the lower the dark
current, the higher the possible photovoltage[21].

3. Electrical potentials screened by ion motion

The distributed resistor model neglects (partially) the ef-
fect of mobile electrolyte ions, and much of our following
discussion of the electrolyte’s influence neglects the dis-
tributed resistance for simplicity. In a real dye cell, of course,
both effects operate simultaneously.

The energy stored in an electric field is minimized by min-
imizing the spatial extent of the field. Adding electrolyte to a
solution contained between charged electrodes will thus de-
crease the spatial extent of the field as ions flow to constrain
the electric field to the smallest volume consistent with the
corresponding decrease in entropy of the ions. Therefore,
the potential applied to a DSSC electrode will usually drop
over just a fraction of the TiO2 film. It requires energy to
expand the electric field into a greater volume. This can be
accomplished, for example, by adding electrons to the TiO2
film, making it more conductive and increasing the amount
of stored charge (capacitance) in the electrochemical double
layer. We investigated such effects of electrolyte motion ex-
perimentally in order to both qualitatively and quantitatively
understand the changes in semiconductor physics caused by
the migration of ions throughout the “bulk” of a semicon-
ductor device[15,22].

Impedance spectra of DSSCs[22] in the dark with an
inert electrolyte showed that the TiO2 films were not elec-
troactive in the potential range from+1.0 V to about the
TiO2 conduction band edge potential at−0.5 V versus SCE.
The capacitance in this range was dominated by the pla-
nar SnO2 electrode/electrolyte interface. At potentials more
negative than−0.5 V, the TiO2 becomes progressively more
conductive and the electroactive surface area of the film, as
measured by its capacitance, expands to eventually include

the entire film thickness. These experiments show that even
when the interfacial charge transfer rate is minimized by
use of inert electrolyte, macroscopic ion motion through the
nanoporous film causes the applied potential to drop near
the substrate electrode in non-illuminated DSSCs[15].

The nanoscopic motion of ions in the pores of a DSSC
also plays an important role in the charge separation process.
When the photoinjection process produces an electron–hole
pair separated across the TiO2/solution interface, the elec-
trostatic attraction between the opposite charges opposes the
separation and promotes recombination. In conventional so-
lar cells this is overcome by the high electric field resulting
from the p–n junction. The interior of the dye cell, how-
ever, contains no significant electric fields, except across the
electrochemical double layers, and these are not adequate to
screen an injected electron from the “hole” on the oxidized
dye[23,24]. Therefore, a transient attractive electric field is
created upon photoinjection that must be rapidly neutralized
in order to prevent charge recombination.

In the “standard” DSSC, mobile electrolyte ions can
rapidly rearrange around the photogenerated charge pairs,
neutralizing the Coulomb attraction between them[14,22]
(with some help from the solvent dielectric properties). This
is one of the critical functions of the mobile electrolyte in
a dye cell. Partly for this reason, it is not trivial to make
an efficient solid state version of the dye cell. The required
screening of the Coulomb attraction between photogener-
ated charge carrier pairs is only effective when electrolyte
ions can practically surround the charge carrier pair. This
was not possible in early versions of solid state dye cells
because they lacked mobile electrolyte[17]. The necessary
electrostatic screening also cannot occur with dye-sensitized
planar semiconductor electrodes[10,11,13], which there-
fore require a built-in electric field (band bending) to pro-
duce a measurable photoconversion effect. However, in the
nanostructured geometry of a DSSC, where ions surround
the semiconductor particles, no interfacial electric field is
required (or even possible in such small colloids) to affect
charge separation.

4. Interfacial energies are unpinned

DSSCs are unique in that the photoactive species (the
sensitizing dye) resides in the electrochemical double layer
between the TiO2 and the electrolyte solution[14,22,25].
Therefore, the thermodynamic driving forces for all of the
crucial interfacial reactions—photoinjection, transfer of the
“hole” to solution and carrier recombination—are depen-
dent on the semiconductor band edge potential, the solution
redox potential, and on the spatial extent of the potential
(double layer) in the interfacial region. The double layer,
in turn, is influenced by the species adsorbed to the TiO2
(including the dye), and by the concentration, chemical na-
ture and physical size of the electrolyte ions. Changing the
composition of the electrolyte can thus substantially affect
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the photoconversion process by altering the energetics of
the interfacial charge transfer reactions. The sensitivity of
the interfacial energetics to these many variables adds fur-
ther complexity to the DSSCs; yet at the same time, it also
provides possibilities for optimizing their efficiency.

We proved the somewhat surprising result that the redox
potential of the sensitizing dyes become pH-dependent when
adsorbed to oxide surfaces, although they are independent
of pH when dissolved in solution[14,25]. The conduction
band potential of an oxide semiconductor is well-known to
move 59 mV/pH unit at room temperature[8,26,27]. This
occurs because of the charge induced on the semiconductor
surface in equilibrium with the ions in solution: the surface
acquires a positive charge in acidic solution and a negative
charge in basic solution. We observed that the magnitude of
the induced pH-sensitivity of the sensitizing dyes adsorbed
onto TiO2 varied between 54 and 20 mV/pH. The essential
parameter appeared to be the location of the redox-active
center of the dye in the field of the electrical double layer at
the semiconductor/solution interface. If the dye were com-
pletely inside the field, as is the TiO2, its potential would
shift the same 59 mV/pH unit as any oxide surface[25,26].
But a species adsorbed on the surface of the TiO2 cannot be
completely inside the double layer field and thus can expe-
rience only some fraction of it, depending on the location of
the redox center between the surface and the loci of centers
of the counterions.

Our explanation of this affect in aqueous solution de-
pended only on geometrical and electrostatic factors, not
chemical considerations[25]. Thus, we predicted that similar
effects should be observed under appropriate conditions in
non-aqueous solvents. By employing two electrolytes with
vastly different cation sizes, LiClO4 and TBAClO4 (TBA:
tetrabutylammonium)[14], we were able to vary the width
of the space charge layer, with the dye located more (TBA+)
or less (Li+) inside it (Fig. 2). Overall, the results were
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Fig. 2. TiO2/dye/solution interface shown under negative applied or pho-
togenerated bias. The solid line shows the electrical potential drop be-
tween the TiO2 and the solution. (a) In the presence of small cations, the
dye oxidation potential is only slightly affected by changes in the TiO2

potential. (b) In the presence of large cations, the dye potential follows,
but always lags somewhat, changes in the TiO2 potential.

consistent with the mechanism proposed for the induced
pH-sensitivity and showed clearly that interfacial electro-
statics, and band edge motion of the semiconductor, play
crucial roles in determining the relative potentials (driving
forces) in DSSCs. These results are not dependent on the
nanostructuring of the interface.

Our experiments, and the model of Fig. 2, show that the
redox potential of the sensitizing dye is not fixed relative
to either the semiconductor or the solution, and that the
semiconductor band edge is also not fixed. This has impor-
tant implications for the understanding and optimization of
the dye cell. For example, during the course of a potential
scan from short circuit to open circuit, the redox potential
of the dye in an illuminated cell is expected to move rela-
tive to either the TiO2 or the solution, or both. In the pres-
ence of small cations, Fig. 2a, the driving force for charge
injection will decrease as the cell approaches its open cir-
cuit photovoltage because the semiconductor band edge is
charging negative while the dye potential remains relatively
constant. But in the presence of large cations, Fig. 2b, the
dye will tend to follow the semiconductor potential; thus the
driving force for the oxidation of I− by the oxidized dye
will decrease with increasing photopotential. Therefore, the
photovoltage-limiting kinetic step may be altered merely by
changing the size of the electrolyte cation [14]. The implica-
tions of the variable interfacial potentials and driving forces
have not yet been rigorously explored; but it is clear that
they play an important and subtle role in the functioning of a
DSSC. Moreover, the exploitation of these effects may lead
to higher efficiency cells.

5. Photoinduced chemical potentials drive the PV effect

Conventional solar cells, almost by definition, all func-
tion according to the same photoconversion mechanism
epitomized by the photoconversion process in silicon p–n
junction PV cells [28,29]. This mechanism is so well
known that the assumptions underlying it are sometimes
forgotten and it is thought to be the only possible mech-
anism for photoconversion. But dye cells are different.
Here, in the spirit of non-equilibriium thermodynamics, the
forces that drive a flux of electrons through a solar cell are
described.

Gibbs defined the electrochemical potential energy, E, as
the sum of the electrical and chemical potential energies,
E = U+µ [30]. The spatial gradient of a potential energy is
a force; and ∇E is ultimately the force that drives the particle
fluxes through solar cells and other devices. In solar cells, the
gradients of the quasi Fermi levels for each relevant particle,
say for electrons, ∇EFn, and for holes, ∇EFp, are the forces
that drive the particle fluxes. The general kinetic expresssion
for the one dimensional current density of electrons, Jn(x),
through any device is:

Jn(x) = n(x)µn ∇U(x) + kTµn ∇n(x) (1)
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where n(x) is the concentration of electrons, µn the electron
mobility (not to be confused with the chemical potential,
µ) and k and T are Boltzmann’s constant and the abso-
lute temperature, respectively. (We assume an effective
one-dimensional geometry for simplicity.) There is an ex-
actly analogous equation to describe the flux of holes so,
for simplicity, we treat only electrons. Eq. (1) is valid both
at equilibrium and away from it, both in the dark and in the
light.

The quasi Fermi level (i.e., the non-equilibrium Fermi
level) for electrons in a semiconductor is defined as:

EFn(x) = Ecb(x) + kT ln

{
n(x)

Nc

}
(2)

where Ecb(x) is the electrical potential energy of the con-
duction band edge, Ecb(x) = U(x) + constant; and Nc the
density of electronic states at the bottom of the conduction
band. Taking the gradient of Eq. (2) and substituting it into
Eq. (1) leads to the simplest expression for the electron cur-
rent through a device:

Jn(x) = n(x)µn∇EFn(x) (3)

This derivation is based only on kinetic equations and defi-
nitions and therefore is valid under non-equilibrium condi-
tions. It is useful to break ∇EFn into its quasi-thermodynamic
constituents, ∇U and ∇µ, to reveal the fundamental differ-
ences between the photoconversion mechanisms of DSSCs
and conventional solar cells [5,15]. Eq. (1) can be separated
into two independent electron fluxes, each driven by one of
the two generalized forces, ∇U and ∇µ:

Jn(x) = n(x)µn(∇U(x) + ∇µ(x)) (4)

where ∇µ(x) = kT/n(x) ∇n(x) [5,15]. The first and second
terms in parentheses are often referred to as the drift and
diffusion components, respectively, of the electron current.
One can see immediately from Eq. (4) that ∇U(x) and ∇µ(x)
are independent forces in the photoconversion process and,
therefore, that it is possible to drive a solar cell with either
one, or both, of these forces. In fact, the different types of

Fig. 3. An illustration of the fundamental difference in charge carrier generation mechanisms in conventional (a) and in excitonic (b) solar cells. In
conventional solar cells (a), electrons and holes are photogenerated together wherever light is absorbed. Therefore, the photoinduced chemical potential
energy gradient, ∇µ (represented by arrows), drives both carrier types in the same direction (although it has a greater influence on minority carriers).
In the excitonic cell (b), electrons are photogenerated in one phase while holes are generated in the other via interfacial exciton dissociation (the phase
boundary is denoted by the vertical dashed line).

solar cells can be classified according to the relative impor-
tance of these two forces in the photoconversion process [6].

The gradient of the chemical potential usually plays an
insignificant role in conventional PV cells because both
electrons and holes are photogenerated together in the same
semiconductor phase, and because the carrier mobility is
high enough for the carrier distribution to “equilibrate”
during the carrier lifetime [5]. Therefore, the rule for con-
ventional solar cells is that the “built-in” potential Φbi
(=∫ ∇U dx at equilibrium) sets the absolute upper limit to
the open circuit photovoltage, Voc. This occurs because Φbi
is required for charge separation. In DSSCs however, the
charge carrier pairs are already separated across an inter-
face upon photogeneration, generating a large ∇µ (Fig. 3),
and ∇U is almost completely screened by the electrolyte.
Therefore, these cells are controlled primarily by the pho-
toinduced ∇µ, and Voc is not limited to Φbi [5,6,15,31].

This conclusion is now mostly accepted [24,32]. Never-
theless, some still contest it and believe that DSSCs can be
treated in the same way as conventional p–n heterojunctions
[33–36]. In our view, however, the “contestors” have yet
to produce any substantial experimental or theoretical sup-
port for their position. We have shown experimentally that
the photovoltage of DSSCs is practically independent of the
“built-in” potential (Fig. 4). This is in direct contradiction
to the “p–n junction model” . We have also shown theoreti-
cally that there are several reasons to expect that the junction
model cannot describe DSSCs [5,6].

6. UV-produced surface states can improve interfacial
energetics and transport

Surface states in conventional semiconductor solar
cells are almost always deleterious to their performance.
But the nanostructured interface of a DSSC makes even
this mainstay of conventional understanding incorrect in
some cases [37]. We showed that UV illumination of
DSSCs results in a remarkable increase in the perfor-
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mance for cells (Fig. 5) sensitized with some less-than-
optimal dyes such as bis(2,2′-bipyridine) (4,4′-dicarboxylic
acid-2,2′-bipyridine)ruthenium(II) [37,38]. The more com-
mon sensitizing dye is “N3” , bis(4,4′-dicarboxy-2,2′-
bipyridine)ruthenium(II) di-isothiocyanate. The first dye
(that we refer to as the “ tris dye” ) has a more positive
redox potential than N3 and a relatively poor photoconver-
sion efficiency before UV illumination in the usual cell.
UV illumination can even more drastically increase the ef-
ficiency of some perylene-based sensitizing dyes [39,40].
The efficiency of cells made with some of the perylene dyes
increase (quasi-permanently) by up to 45-fold upon illumi-
nation with UV light. Given the huge changes in behavior
of these DSSCs upon UV illumination, we carried out a
detailed study of this effect [37].

We quickly learned that this effect occurred only in the
presence of non-adsorbing cations such as tetrabutyl ammo-
nium, TBA+, and that it was inhibited by the usual cation,
Li+. The obvious difference between these cations is that
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Fig. 5. (a) Photocurrent-voltage characteristics of a tris-dye-sensitized cell before and after 15 min of UV illumination. (b) The change in power produced
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0.0001

0.001

0.01

0.1

1

350 400 450 500 550

IP
C

E

Lamda, nm

before,
     after UV

Fig. 6. Photocurrent action spectra of bare TiO2 film before and after
15 min of UV illumination showing the large increase in photoactive,
sub-bandgap states induced by UV. This occurs in TBA+-containing
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Li+ specifically adsorbs to the TiO2, and thus chemically
modifies its surface, while TBA+ does not chemically in-
teract with the TiO2 surface. We showed that larger cations
that adsorb to some extent, such as Na+ and K+ also inhibit
the UV effect to the extent that they adsorb. These and other
results suggested that the effect resulted from a UV-induced
change in the TiO2/electrolyte interface and was not related
to the sensitizing dye [37]. Measurements of the IPCE (in-
cident photon to current efficiency) on nanocrystalline TiO2
cells without sensitizing dye showed a remarkable increase
in sub-bandgap current upon UV illumination (Fig. 6) in
the presence of TBA+ electrolyte but not in the presence of
Li+ electrolyte. The half-life of the changes caused by UV
illumination was several months in a sealed cell.

The surprising increase in photocurrent under visible light
irradiation (λ > 400 nm) after UV illumination of the unsen-
sitized cell in TBA electrolyte (Fig. 6) shows that photoac-
tive sub-bandgap states are created upon UV illumination.
In both TBA and Li cells, IPCE measurements before UV
illumination showed the expected spectrum of a semicon-
ductor with a ∼3.2 eV bandgap, demonstrating that neither
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Li+ nor TBA+ by itself perturbs the photoactive electronic
structure of the TiO2 surface. However, after UV illumina-
tion, the bare TiO2 films produce a ∼10–100-fold increase
in photocurrent below Ecb in the TBA-cells (Fig. 6), while
a slight decrease in photocurrent is observed in the Li cells
(not shown).

The change in TBA-cells upon UV illumination (Fig. 6)
is a highly unusual result that reveals visually the presence
of photoactive surface states [37]. Most commonly, the pres-
ence of semiconductor surface states is not directly seen and
only can be inferred via indirect measurements and com-
parison to theory. However, here we observe a clear spec-
troscopic signature of a large density of photoactive surface
states that can be produced by UV illumination, and elimi-
nated again by exposure to ambient air. This high density of
sub-bandgap states suggests comparisons to the electronic
structure of amorphous silicon. Once the density of intragap
(or surface) states becomes large enough to accomodate car-
rier transport, conduction can occur primarily through these
sub-bandgap states: therefore, the notion of a distinct band-
edge may no longer truly be relevant. In the UV-illuminated
nanoporous TiO2 films, the mobility edge may be described
as the percolation threshold of surface states, that is, as that
energy level at which the surface state density becomes high
enough to support a current flux. In planar (conventional)
semiconductor electrodes, intragap surface states are almost
always harmful. Since there is no direct physical connection
between the surface and the substrate electrical contact, sur-
face states are always trap states, regardless of their concen-
tration. Ionization of the surface states (say, their filling by
electrons) results in charging of the surface and bandedge
motion (Fermi level pinning). It is usually concluded that a
higher density of surface states therefore leads to a greater
degree of bandedge motion under illumination. However,
this conclusion is not fundamental; it applies only to pla-
nar semiconductor electrodes. Bandedge motion is caused
by the steady state charge density at the surface, not by the
surface state density alone.

In nanostructured semiconductor electrodes, the surface
extends throughout the “bulk” . Therefore, surface states
can be in direct electrical contact with the substrate. Before
UV illumination, most surface states in the nanoporous
TiO2 may be isolated traps which, when charged with
electrons, move the bandedge negative. However, further
increasing the density of surface states in DSSCs may
lead to electrical communication between the surface states
and thereby ultimately to an improved conducting pathway
to the substrate—a “mobility edge” as mentioned above.
Therefore, increasing the surface state density by UV illu-
mination can, in principle, lead to less bandedge motion in
DSSCs because it results in improved carrier transport and
decreased charge density at the surface. As more surface
states are created and they begin to coalesce into a mobility
edge, the effective bandedge moves positive from Ecb to the
mobility edge, and carrier transport may become more effi-
cient, thus decreasing the total charge on the surface. This

mechanism is still speculative, but it is consistent with all
of our results regarding the UV effect. Regardless of mech-
anism, all the results show that UV illumination alters the
interfacial energetics and/or kinetics. A practical advantage
is thus the ability to adjust the essential photoconversion
parameters, Jsc, Voc, ff, etc., to maximize the conversion
efficiencies.

7. Interfacial recombination

The recombination of photogenerated electrons and holes
is the bane of all solar cells and a major reason for their less
than ideal efficiencies. DSSCs, in which the electrons and
holes exist in separate chemical phases, are subject almost
exclusively to interfacial recombination. In principle, inter-
facial recombination processes can be inhibited by modify-
ing the interface. The use of t-butylpyridine in the DSSC
electrolyte solution to increase its photovoltage is one ex-
ample [2,41]. We explored general methods for passivating
interfacial recombination sites in DSSCs that might allow
the use of a variety of redox couples, and thereby facilitate
making a viable solid state DSSC.

Only one redox couple, I−/I2, allows conventional
dye-sensitized solar cells to function efficiently because of
the uniquely slow kinetics for I2 reduction on SnO2 and
TiO2 surfaces. The reduction is so slow at both TiO2 [42]
and SnO2 surfaces [21] that almost every electron pho-
toinjected into the TiO2 at short circuit survives the transit
through the nanoporous film and the SnO2 substrate and
appears in the external circuit. Only recently, have other
couples with ultra-slow kinetics been discovered. Cells
made with these couples are not yet as efficient as those
made with I−/I2 [43–45].

We sought a general method to inhibit recombination in
DSSCs. To gauge our success, we required a redox cou-
ple with a heterogeneous electron transfer rate so fast that
the interfacial recombination process would become the
photocurrent-limiting reaction. Therefore, we employed
the kinetically very fast ferrocene/ferrocenium couple
(FeCp2

+/0, self-exchange rate, kex ≈ 107 M−1 s−1) [46]
compared to the I−/I2 couple (kex ≈ 5 × 102 M−1 s−1) [47].
It has a redox potential only slightly more positive than the
iodine couple (0.31 V versus SCE compared to ∼0.15 V).
The recombination reactions in DSSCs can be qualitatively
understood by measuring the dark currents of DSSCs in
both I−/I2 and FeCp2

+/0 containing electrolyte solutions
(Fig. 7). A quantitative understanding is not possible yet,
as discussed above. In I−/I2 solutions, the dark current in-
creases with an overpotential of ∼0.4 V for I2 reduction.
However, in FeCp2

+/0 solution, the overpotential disappears
and the dark current is substantial even at ±10 mV [21].

The dark J–V curves with the I−/I2 couple appear to
be “diode-like” (Fig. 7). But this is actually caused by a
kinetic overpotential rather than by the electrical potential,
Φbi, of a semiconductor junction. This is easily seen by



1222 B.A. Gregg / Coordination Chemistry Reviews 248 (2004) 1215–1224

-12

-8

-4

0

4

8

12

-0.6 -0.4 -0.2 0 0.2

J,
 m

A
/c

m
2

V

I- /I
2
, light

dark

FeCp
2

+/0

dark and light

Fig. 7. Current-voltage curves of a DSSC in the light and dark employing the kinetically slow redox couple, I−/I2, and the kinetically fast couple
FeCp2

+/0. (Data from ref. [21].)

comparing the curves for the two redox couples. The ap-
parent diode-like character disappears with the kinetically
fast couple, FeCp2

+/0, even though its more positive redox
potential would be expected to increase Φbi of the putative
junction and thus enhance its diode-like behavior.

When we derivatize the solvent-exposed oxide interfaces
with an electrical insulator (described below), this cannot
create an electrical junction. Yet it does impart “diode-like”
character to the dark and light currents measured with
FeCp2

+/0. That is, derivitization creates an electrochemical
overpotential for the recombination reactions; just as there is
naturally an electrochemical overpotential for the reduction
of I2/I3

−. In general, slowing the rate of the recombination
reaction(s) relative to the photodriven forward reactions, by
whatever mechanism, establishes the necessary conditions
for a successful photoconversion process.

The photocurrent–voltage curve of a cell made with the
I−/I2 redox couple (Fig. 7) shows behavior typical of the
standard DSSC. A substantial photovoltaic effect is observed
as expected from the fact that the dark current is negligible
positive of about −0.5 V. On the other hand, a cell made
with the FeCp2

+/0 redox couple shows no measurable pho-
toeffect: its current under illumination (Fig. 7) is essentially
identical to its dark current. The photovoltaic effect is neg-
ligible because practically all photogenerated charge carri-
ers recombine before they can be collected in the external
circuit.

There are two major recombination reactions of im-
portance to a DSSC: the recombination of the pho-
toinjected electron with the oxidized redox species at
the SnO2/solution interface and at the TiO2/solution in-
terface. The first reaction is easily inhibited by elec-
tropolymerizing an insulating film on the solvent-exposed
parts of the SnO2 after the nanocrystalline TiO2 film
has been deposited but before the dye is adsorbed [21].
We electrodeposited a blocking layer of crosslinked

poly(phenyleneoxide-co-2-allylphenyleneoxide) on the
TiO2-coated SnO2 surface by adapting a literature pro-
cedure [48]. This has a pronounced effect on the J–V
characteristics of a DSSC employing FeCp2

+/0: the dark
current is reduced by two to three orders of magnitude in
the potential range positive of the TiO2 flatband, and the
photocurrent increases from 0 to 0.5 mA/cm2 [21].

The sensitizing dye cannot cover all of the TiO2 surface.
Because of its very high surface area, it is most important
to passify recombination on the solvent-exposed parts of the
TiO2. We developed a chemical reaction that covered the ex-
posed oxide surfaces with an ultrathin electrically insulating
film. We employed CH3SiCl3 in the vapor phase: it forms
covalently bound films of poly(methylsiloxane) on the ex-
posed surfaces of both TiO2 and SnO2 films [21]. Although
the conditions for this reaction have not been optimized,
substantial decreases in the rates of the recombination reac-
tions, and increases in photoconversion efficiencies, could
be achieved (Fig. 8).
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and SnO2 surfaces. (Data from ref. [21].)
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These results demonstrate two important points: (1) The
recombination reactions in DSSCs are fundamentally dif-
ferent than those occurring in conventional solar cells and
therefore, very different methods must be employed to min-
imize them. (2) Physically blocking the sites where the ox-
ide is exposed to solution with an electrical insulator can
decrease the recombination rate by more than five orders of
magnitude. The major difficulty of this technique is prevent-
ing capillary condensation of the reactive silane vapor in the
nanopores of the TiO2. With further improvement, this tech-
nique should allow the use of any redox couple in the DSSC,
thus promoting the development of solid state versions.

8. Summary and conclusions

The dye cell is a nanoporous, interface-driven solar cell
that seems to defy conventional wisdom. It contains no sub-
stantial built-in electrical potential, Φbi ≈ 0, yet it produces
a substantial photovoltage; carrier transport occurs primar-
ily by diffusion rather than by drift, yet it is highly efficient.
Most fundamentally, electrons and holes are photogenerated
on opposite sides of the interface, already separated into
their individual phases, leading to the overwhelming impor-
tance of interfacial processes over bulk proceses. In funda-
mental ways, dye cells contrast with conventional PV cells.
The absence of any macroscopic electric fields in DSSCs,
as well as the elimination of the requirement for exciton dif-
fusion to the interface, also makes DSSCs in many respects
the simplest excitonic solar cells. They were employed to
probe the necessity for a built-in electric field, or junction, in
solar cells. The results show unambiguously that a built-in
electric field is only one of the two possible driving forces
in a solar cell. And the other, the photoinduced interfacial
chemical potential gradient, is the major driving force for
photoconversion in DSSCs.

The nanoporous nature of the dye-sensitized semiconduc-
tor in DSSCs results in a complex spatial distribution of ap-
plied or photogenerated potential gradients through the cell.
Moreover, the nanoscopic motion of electrolyte ions in re-
sponse to the Coulomb field between photogenerated elec-
trons and holes plays a crucial role in the charge separation
process. The fact that the sensitizing dyes reside partially
inside the electrochemical double layer at the TiO2/solution
interface leads to the unusual and complex situation where
the driving forces for the most important electron transfer
reactions vary with potential, light intensity, pH, and even
with the size of electrochemically inert counterions and the
shape of the dye.

UV illumination of the cells induces the formation of a
large density of optically observable surface states. In con-
trast to surface states in conventional solar cells, these states
can dramatically enhance the photoconversion efficiency of
DSSCs by providing an improved conducting pathway to the
electrode. Because of the interfacial nature of all important
charge transfer processes in DSSCs, novel methods of pas-

sivating the recombination sites by interface derivitization
are possible and preliminary attempts seem promising.
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