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CONSPECTUS

ye-sensitized solar cells (DSSCs) are photoelectrochemical solar cells. % = Propylmethy] imidazolium
Their function is based on photoinduced charge separation at a dye- | * :’:rh"'l“]'p}f"ﬁ:"
sensitized interface between a nanocrystalline, mesoporous metal oxide elec- | & - risdice
trode and a redox electrolyte. They have been the subject of substantial ¥ fﬂ:d“;"
academic and commerdial research over the last 20 years, motivated by their @ - oy«
potential as a low-cost solar energy conversion technology. Substantial

progress has been made in enhandng the effidiency, stability, and process-
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ability of this technology and, in particular, the interplay between these tech- % = bt _

nology drivers. However, despite intense research efforts, our ability to identify :. fle N" ¥ ;‘

predictive materials and structure/device function relationships and, thus, :"—~ :" -.9' / shown st sctat
achieve the rational optimization of materials and device design, remains rel- @, g f.reteestoaion s

atively limited.

A key challenge in developing such predictive design tools is the chemi-
al complexity of the device. DSSCs comprise distinct materials components,
induding metal oxide nanopartides, a molecular sensitizer dye, and a redox electrolyte, all of which exhibit complex interactions with each
other. In particular, the electrolyte alone is chemically complex, induding not only a redox couple (almost always iodide/iodine) but also
a range of additional additives found empirically to enhance device performance. These molecular solutes make up typically 20% of the
electrolyte by volume. As with most molecular systems, they exhibit complex interactions with both themselves and the other device com-
ponents (e.g, the sensitizer dye and the metal oxide). Moreover, these interactions can be modulated by solar irradiation and device oper-
ation. As such, understanding the function of these photoelecrochemical solar cells requires careful consideration of the chemical complexity
and its impact upon device operation.

In this Account, we focus on the process by which electrons injected into the nanoaystalline electrode are collected by the external
eledtrical drcuit in real devices under operating conditions. We first of all summarize device function, induding the energetics and kinet-
ics of the key processes, using an “idealized” description, which does not fully account for much of the chemical complexity of the sys-
tem. We then go on to consider recent advances in our understanding of the impact of these complexities upon the effidency of electron
collection. These indude “catalysis” of interfadal recombination losses by surface adsorption processes and the influence of device oper-
ating conditions upon the recombination rate constant and conduction band energy, both attributed to changes in the chemical compo-
sition of the interface. We go on to discuss appropriate methodologies for quantifying the efficency of electron collection in devices under
operation. Finally, we show that, by taking into account these advances in our understanding of the DSSC function, we are able to rec-
reate the current/voltage curves of both effident and degraded devices without any fitting parameters and, thus, gain significant insight
into the determinants of DSSC performance.
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1. Introduction nisms by which DSSCs work is a tolerance of

Dye-sensitized solar cells (DSSCs) are one of the lower purity materials and lower cost processing

solar technologies that promise lower costs for ~ Steps. A fundamental study of DSSC function is

photovoltaic electricity. Inherent in the mecha- interesting on two counts: (1) laying the founda-
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tions for enhanced device performance and (2) advancing sur-
face science and electrochemistry in nanoporous electrodes.
Considerable effort has gone into optimizing DSSC fabrica-
tion and finding new materials to improve efficiency. This has
been paralleled by attempts to understand DSSC operation to
better guide future development. Many of the basic charac-
teristics have been described, and a conceptual model has
grown up, which we will refer to as the “ideal model”."? This
model has had reasonable success in describing the various
reactions and interactions in DSSCs but has had only limited
success in contributing to the optimization of device perfor-
mance. There is now an accumulation of data indicating some
of the features of this “ideal model” may miss the real com-
plexity of high efficiency DSSCs. In addition, the ideal model
cannot describe some key features of the cell performance. In
this Account, we focus on advances in our understanding of
DSSC function and implications for materials and device opti-
mization. Broad reviews of DSSCs have been published
elsewhere.'?

To come to grips with the chemical complexity in DSSCs,
we have adopted an approach in which we measure the
kinetic parameters of real operating cells, under illumination.
Condlusions about the Kinetics or other characteristics can then
be checked against the actual cell performance. We also per-
form complete characterization of many cells with varying
chemistry and fabrication. This allows us to detect features
that have been missed by looking over a narrower range of
chemistries and techniques. To accomplish this, we are auto-
mating and extending the typical tools used to study DSSCs,
for example, spectral response, transient electrical character-
ization, and transient absorption spectroscopy.

In this Account, we consider four additions that we believe
need to be made to the existing conceptual models. These are
as follows: (1) Species adsorbed to TiO,, specifically dye mol-
ecules and co-adsorbates, have the potential to “catalyze” the
recombination reaction between electrons in TiO, and the
electrolyte, reducing the open-circuit potential (V,) and even
the photocurrent (J). Previously, adsorbates have been dis-
cussed only in terms of their ability to block recombination. (2)
The electron diffusion length in DSSCs is less than half as long
as indicated by the current method of calculation. This has
large implications for the estimation of recombination losses
and for finding the optimum film thickness for different dyes,
electrolytes, and cell structures. (3) Electron/electrolyte recom-
bination, even for the same electron density, is accelerated by
illumination. Although perhaps not surprising, this effect is not
included in the standard conceptual model. Quantification of
the degree of acceleration has allowed us to simulate the
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FIGURE 1. Physical schematic of a DSSC. (Inset) SEM of the TiO,.

shape of the JV and understand the determinants of the fill
factor (FF). (4) The TiO, conduction band edge potential in a
given cell shifts negative with increased illumination and/or
applied bias. This effect, difficult to explain with the standard
assumptions about the electrolyte in the pores, nonetheless
seems the best way to explain some obvious features of
DSSCs. If true, this would allow current models of electron
trapping in TiO, to correctly simulate recombination in DSSCs.

Because of space limitations, we focus only on issues relat-
ing to electron recombination and collection. We have dis-
cussed issues relating to electron injection and regeneration
elsewhere.*>

2. Overview of DSSC Function

2.1. Cell Construction. A typical research DSSC is shown in
Figure 1, as reviewed elsewhere.® From left to right, the cell
consists of a transparent conductive oxide (TCO) substrate,
normally doped SnO, on glass. A porous transparent semi-
conductor layer is coated onto the substrate, normally 10—15
um of ~20 nm TiO, particles, which gives an internal surface
area of ~1000 cm? per cm? substrate. Dye molecules are
absorbed onto the internal surface of this semiconductor to
make approximately one monolayer. The standard dye is
N719 (Figure 3). The substrate is joined to a counter electrode,
normally a few nanometers of platinum on another TCO glass.
A seal is formed around the cell, followed by injection of elec-
trolyte through a hole and sealing of the hole. All record cells
thus far have been based on an iodine/iodide electrolyte in
organic solvent. A typical electrolyte consists of methoxyprop-
rionitrile (MPN) with 0.6 M propylmethylimidazolium iodide,
0.1 M Lil, 0.1 M tert-butylpyridine, and 0.1 M iodine.

Many variants of the fabrication are possible, including sur-
face layers on TiO, particles (e.g., Al,Os), co-adsorbates put on
with the dyes, and gelation agents in the electrolyte. Other
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FIGURE 2. Forward and reverse electron-transfer steps in a DSSC.
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FIGURE 3. Idealized current versus voltage (JV) output from an
efficient DSSC. (Inset) Structure of the standard dye, N719.

variants of the cell include depositing the TiO, layer on metal
or using metal and/or carbon layers for the counter electrode.
None of these change the basic functions of the cell described
below.

2.2. Cell Function. We describe here a simplified picture
of cell function. Figure 2 shows a schematic of the electron-
transfer steps. We will discuss the additional complexities of
real cells in section 3. Because DSSCs are designed to pro-
duce power, in this Account, we have chosen to focus on the
function of DSSCs under the operating condition. This condi-
tion is the maximum power point (MPP), the point along the
current versus voltage relationship (Figure 3) where the max-
imum power is extracted from the cell. Power production in a
DSSC starts with the absorption of photons by the dyes. The
transfer of an electron from the dye excited state to TiO; is
termed electron injection. Injection is in competition with the
decay of the excited state by luminescence, thermal decay to
ground, or quenching. Injection leaves the dye in an oxidized
state, which in turn oxidizes iodide from the electrolyte, a step
referred to as regeneration. Regeneration is in competition
with reduction of the oxidized dye by an electron from TiO,.
Under illumination, electron injection causes an increase in
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FIGURE 4. State energy diagram of a typical DSSC under 1 sun
illumination at the MPP. Energy and quantum efficiency values are
approximate and will change depending upon dye and electrolyte
composition.

electron density in the TiO.. If the cell is short-circuited or at
the MPP, the SnO, provides a sink and a gradient in electron
density will build up causing diffusive transport to the SnO,.
During transport, electrons can also be transferred back to the
oxidized species in the electrolyte, termed recombination with
the electrolyte. The photocurrent measured externally is the
flux of injection minus the flux of both recombination
reactions.

Figure 4 illustrates the energy costs of each step of device
function. The higher level bars are the state energies given the
electron and hole positions after each step. The solid bars are
this same energy, reduced by the quantum efficiency losses
up to that point, specifically for the MPP situation. The differ-
ences between the successive solid bar shows how much each
step costs in a real cell under operation. Thus, large steps
down on this graph indicate where research breakthroughs
might cause large increases in cell efficiency. For the case illus-
trated, the MPP is assumed to correspond to a device volt-
age of 0.65 V and a photon to electron quantum efficiency of
0.7, yielding 0.65 x 0.7 = 0.46 eV of work extracted per
absorbed photon. For a typical DSSC with the N719 dye, this
yields a device efficiency of ~9.5% under AM 1.5 irradiation.

2.3. Materials Characteristics. It is useful, when discuss-
ing DSSCs, to have a general feel for the materials and the rel-
ative concentrations of various species in the particles and the
adjacent pores. The following description is idealized in that
it ignores known complexities to be described later. Figure 5
shows a schematic of the chemical species in a 1 nm thick
slab through one pore, based on a typical electrolyte (solvent
is omitted). The total volume fraction of the solutes in a typ-
ical electrolyte is ~20%. Interactions have not been taken into

Vol. 42, No. 11 = November 2009 = 1799-1808 = ACCOUNTS OF CHEMICAL RESEARCH = 1801



Kinetic and Energetic Paradigms for DSSCs O’Regan and Durrant

Tetrabutyl ammonium

& = tert-butyl pyridine

& = Triiodide
Lithium

» = Jodide
& =Dyc

« = H?

{/ All species

FIGURE 5. Diagram of a 1 nm slab sliced from a pore in a typical
DSSC (the tetrabutylammonium originates from the N719 dye).

account, except the known binding of H* and Li* to TiO, and
that iodine binds very strongly to iodide forming I3~. The con-
centration of “unbound” iodine is <1 uM. A TiO, particle, diam-
eter of 18 nm, has ~600 dyes on the surface. At 1 sun
illumination, each dye (assuming N719) absorbs a photon
only once per second. Thus, the flux of electron injection into
the particle is ~600 s™'. Regeneration times are <10 us,
meaning <1/100 000 dyes is in the oxidized state or <1 per
150 particles. In the pore volume around a particle, there will
be ~1000 iodide atoms and 200 Is~ molecules. If the pore
composition is similar to the bulk, there will be about 1 free
jodine per 10 000 particles. The TiO, layer contains defects
that act as electron traps. According to electrochemical mea-
surements, the trap density forms an exponential tail below
the conduction band containing ~30 traps per nanoparticle
over the energy range covered by DSSCs.” Thus, there are two
populations of electrons in the cell, those in the traps (>90%)
and those in the conduction band (<10%). Also, because of
the small size of the nanoparticles and high conductivity of the
electrolyte, it is not possible to have a significant electric field
across individual particles or across the entire TiO, film. Thus,
in normal DSSCs, charges in both phases move by diffusion
rather than drift.

In the following, we will refer to the “applied potential” of
the cell, the Fermi level in the TiO,, and the concentration of
electrons in the TiO,. All of these terms are related. The elec-
trochemical potential of the electrolyte is well-buffered by the
high concentration of oxidized and reduced forms and does
not change significantly under operation. The redox poten-
tial of the electrolyte forms the zero of any measure of poten-
tial in the cell. Applying a negative potential to the TiO,
(equivalent to adding a load and extracting power) raises the

Fermi level in the TiO, toward the conduction band and
increases the concentration of electrons in the traps and con-
duction band.

2.4. Chemical Interactions. A very important chemical
interaction in DSSCs is the binding of electrolyte species to the
TiO5 surface. While rarely studied in itself,? this interaction has
been empirically manipulated for over 15 years to increase
the voltage output of the cell. TiO; is reactive and binds most
of the species in the electrolyte to some degree. Taken
together, the ions bound to the surface will impart a net
charge to the surface. This charge will be balanced by oppo-
sitely charged ions in solution, causing an electric field
between the TiO, surface and the bulk of the electrolyte (see
Figure 6). As an example of the magnitude of this effect, TiO,
has been found to have ~10 binding sites for H*/nm?, imply-
ing ~10 000 sites for H™ absorption on an 18 nm patrticle.
More bulky adsorbates will have lower saturation density. This
can be compared to the number of electrons in the particle
under operation, which is never more than 30. It is clear that
understanding the absorption/desorption of ions is critical to
understanding cell function. The standard theory of non-in-
teracting charges predicts that the concentrated electrolyte will
confine the effect of the surface charge to within a few nano-
meters of the metal oxide surface. The center of the pores
would thus have the same characteristics as the bulk electro-
lyte. Recent results call this assumption into question.® Given
that the volume fraction of solutes in the typical electrolytes
is =20% and that the pore necks are as little as 10 solvent
molecules across, surface effects on the full pore volume prob-
ably can occur.

Another important interaction, only recently appreciated, is
that iodine binds to the dye molecules. This binding can accel-
erate the recombination reaction, significantly reducing the V.
and Ji.'° Also, iodide has recently been suggested to form a
complex with the oxidized dye, and another as yet unidentified
species binds to the ground-state dye. Lastly, there will be a
degree of ion pairing between all opposite charges in the elec-
trolyte. It is important to note that all of these associations come
into equilibrium in the dark, forming the “ground state” of the
cell. Of particular interest are molecular associations that may
change under operation, by either the action of light or applied
voltage. For example, the current through the cell might involve
dissociation of a given complex. If the reformation rate of this
complex is slow enough, there could be a change in the aver-
age degree of association. If that then changes the equilibrium
of ions absorbed on the TiO,, the band offset may change with
the application of illumination or potential. Possible examples of
this effect are discussed below.

1802 = ACCOUNTS OF CHEMICAL RESEARCH = 1799-1808 = November 2009 = Vol. 42, No. 11



Kinetic and Energetic Paradigms for DSSCs O’Regan and Durrant

TiO2

Standard Electrolyte Electrolyte With > Li+, H+

&
o
s
g
g Trap S Il'u
= rap States, |
Filled Below Voc |
I| Electrolyte

e LTIy Potentis)

Density of TiOx

Llooion Sl

FIGURE 6. (Left) Schematic of the TiO./electrolyte interface showing changes in surface binding and resulting electric field. (Right) Density of
states versus energy diagram showing band edge shifts and changes in the injection rate that can result.

3. Electron Collection and Recombination:
Recent Advances

In this section, we present the more complicated details of
DSSCs, as they are emerging from new measurements from
our own laboratory and others. Because of space limitations,
we focus on how transport and recombination of electrons
and the surface electric field combine to determine the V,,c and
the shape of the JV curve. We will use the terms recombina-
tion lifetime and recombination rate constant. By “rate con-
stant”, we always mean the pseudo-first-order rate constant,
which is the inverse of the lifetime. Charge densities have
been determined by charge extraction,'"'? and the recombi-
nation lifetime is from small perturbation photovoltage decays.

3.1. Open-Circuit Potential. As in any solar cell, the
open-circuit potential is defined by the point where the flux of
recombining charges is equal to that of charge generation
(electron injection in the case of DSSCs). In principle, because
charge transport makes minimal contribution to the open-cir-
Ccuit potential, the open-circuit condition is simpler to charac-
terize than the short circuit or MPP. In practice, there are large
number of variables known to control the V., and more are
still being discovered.

The two main determinants of V. are the recombination rate
constant and the TiO, conduction band edge offset relative to the
I7/I3~ midpoint potential. Under illumination, the electron con-
centration in the TiO, increases until it creates a recombination
flux equal to the injection flux. The free energy of the TiO, elec-
trons is expressed by the position of the Fermi level in the semi-
conductor. The measured V. is the difference between the free
energy of the electrons at this “dynamic equilibrium” concentra-
tion and the electrolyte potential. The recombination flux is the
recombination rate constant multiplied by the charge Urec = Kred).

Clearly, if the recombination rate constant increases, then for a
given injection flux, the concentration at equilibrium will
decrease, along with the free energy of the electrons and, thus,
the V,.. The effect of the band offset is more subtle. In a TiO,
material with no defects, all of the injected electrons reside in the
conduction band and the Fermi level is located below the con-
duction band edge by an amount that only depends upon the
electron concentration (for a given material). A given n will give
a particular Vq. If we insert or change the electric field between
the TiO, and the electrolyte, we simply move all of the states in
the TiO;, relative to the electrolyte, including the conduction band
and Fermi level (Figure 6). For the same n, we will measure a dif-
ference in V, identical to the change in the electric field at the
TiO, surface. This assumes that everything else remains equal,
including electron injection, regeneration, and recombination rate
constant. In the trap-rich TiO, used in DSSCs, the situation is iden-
tical, except that the charge density for a given Fermi level is
determined by the distribution of electron traps. The normal
assumption is that changing the surface electric field does not
change the energy distribution of the traps relative to the con-
duction band, and thus, we again expect a change in V. to
match any change in the conduction band offset.

The simple picture in the above paragraph hides a wealth
of detail. Let us first discuss the recombination rate constant.
It is possible that some fraction of the recombination could
proceed via electrons trapped at defects on the surface (sur-
face states). This has led to a discussion that electrolyte addi-
tives and dye molecules can act to block recombination from
these sites, decreasing the overall rate and increasing the V..
Little note has been taken of the cases where the additives
resulted in a lower voltage. The reduction of iodine or I3 is
a complex two-electron reaction. On bare TiO, the reduction
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FIGURE 7. (a) Electron density in TiO, versus V. for various electrolyte additives. (b) Recombination lifetime versus electron density for the

same cells.

of I3~ and/or I is very slow, thus even relatively weak stabi-
lization of intermediates could have noticeable catalytic
effects. We have recently found that both electrolyte addi-
tives and dyes can have an effect opposite of that intended,
catalyzing the recombination. Some particularly bad dyes can
cause 100-fold increases in the recombination rate constant,
decreasing the V,. by hundreds of millivolts.'® Initially, we
noted that dyes that increase recombination have sites for
binding iodine. Within otherwise equivalent dyes, the bind-
ing strength correlated with the increase in recombination.'?
More recently, we have found that even the standard dyes
(e.g., N719) used in DSSCs bind iodine quite strongly with-
out apparently catalyzing recombination. The mechanism for
the acceleration of recombination must involve a combina-
tion of the strength of the iodine binding sites, their proxim-
ity to the TiO, surface, and probably catalysis of the reduction
by stabilization of an intermediate.

To illustrate this effect, we examine the anomalous behavior
of an electrolyte additive (PABA; Figure 7). PABA absorbs to TiO,
via the carboxylate moiety. According to a study of similar ben-
Zoic acids (excluding PABA), the molecular dipole of PABA indi-
cates that it should increase the V, by shifting the band edge
negative.'® However, the actual effect on the Vo is a decrease of
40 mV. The effect of PABA on the band offset can be seen in Fig-
ure 7a. This figure shows the total electron density in the TiO,
versus the V., varying Vo by light intensity. This is equivalent to
a map of the trap state density in the TiO, relative to the elec-
trolyte redox potential.'" Following the logic of Figure 6, a
change in the surface electric field will cause an identical shift in
the trap state distribution, which will show up as a shift in Fig-
ure 7a. This technique is often used to measure shifts in the sur-
face field caused by dye molecules and additives.'* The PABA
cell does show a negative shift as expected from the dipole. Nor-
mally, this would increase the V.. To explain the drop in V., we
have to compare PABA to a similar molecule, PACA (Figure 7).

—&— Across 1 sun IV
2 —o— Across dark IV

Recombination Flux (A/cm )

T T T
2 3 4 5 6 7 809

Charge Densify (/rm3 b
FIGURE 8. Electron/electrolyte recombination flux as a function of
the electron density in the TiO,, under dark, and 1 sun illumination.

The amine group on PABA should have an iodine binding con-
stant of ~12."> On PACA, the binding has been reduced by the
addition of an acetyl group. Acetamide has an iodine binding
constant of only 0.6. This change also seems to decrease the
molecular dipole because PACA does not cause a band offset
(Figure 7a). In Figure 7b, the recombination lifetime versus charge
is compared for cells with no additive, PABA, and PACA. The data
show that PACA has no effect, whereas PABA decreases the
recombination lifetime 5-fold, causing the observed drop in V.
In this case, the chemical effect, catalysis of recombination, over-
rides the physical effect of the molecular dipole.

To further complicate matters, we have found that the
recombination rate for a given electron concentration in the
TiO, is modified by the illumination intensity. To see this, we
measure the charge density and recombination flux in a DSSC
under applied voltages, in the dark and light. Typical data are
shown in Figure 8. Open diamonds are the recombination flux
in the dark (the dark current) versus charge density. Filled cir-
cles are the recombination current under illumination, at the
same charge, estimated assuming all change in losses across
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the JV is due to recombination (in other words, electron injec-
tion is independent of potential).* Uniformly across the JV, the
recombination flux under 1 sun illumination is about twice
that occurring in the dark, at the same electron density. We
show below how this kind of data makes possible a more
complete understanding of the JV shape.

With respect to the conduction band offset, things at first
seem more in order. For example, the V, has been shown to
change with electrolyte composition in a fashion consistent
with standard theories of adsorption and surface potential.
However, there are still serious gray areas between theory and
measurement. The darkest is the fact that the best theory of
transport and recombination (known as the “multiple trapping
model”'®), which has been very successful in reproducing the
transient behavior of the cell, fails to the give the correct rela-
tion between light intensity and voltage. The model predicts
an “ideal” relationship of a 60 mV increase in V, for each
10-fold increase in illumination. A few DSSCs are indeed
“ideal” in this sense; however, most cells, including high-effi-
ciency examples, are ‘non-ideal”, showing 70—90 mV
increases in V,c with each decade of light intensity. Tweaks to
the model have been proposed to explain this effect, includ-
ing arbitrary profiles of recombination from surface states and
an “activity coefficient” for conduction band electrons.'” '8

The prediction from the multiple trapping model is based on
the assumption that the surface electric field does not change
with illumination or current density. If one assumes an unchang-
ing electrolyte composition, this assumption seems to be required
by the high dielectric of TiO, and the electron concentrations
involved. The issue has remained unresolved because there are
as yet no direct measurements of the conduction band poten-
tial or in situ measurements of the surface charge under opera-
tion. Based on our recent measurements, however, it appears
that the conduction band offset does change, in a given cell, as
a function of operating conditions.

Our method to estimate the shifts in the conduction band is
to measure the activation energy for recombination and/or trans-
port as a function of the Fermi level in the TiO,."® The assump-
tion is made that the main contributor to the activation energy
is detrapping in the TiO, to either the conduction band (or mobil-
ity edge) or some surface states at a fixed energy below the con-
duction band. Consistent with this, we have verified that the
measured activation energy does increase appropriately (for a
fixed Fermi level) when the band edge is shifted negatively by an
intentional change in the adsorbed species.

To determine if the conduction band is moving in a given cell
under operation, we have measured the activation energy (E,) as
a function of the cell V. If the conduction band moves with
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applied bias or light level, the slope on the resulting plot (Figure
9) will deviate from —1."'® We have found that the slope of E,
versus V,. does indeed deviate from —1 and that the magni-
tude of this deviation correlates with the relation of V. to light
intensity in many cells (Figure 9). The simplest explanation is that
the conduction band offset increases with either light or elec-
tron concentration. If correct, models of transport and recombi-
nation will need to incorporate this effect.

One explanation for this movement is that changes in the
chemical equilibrium in the pores, dependent upon operat-
ing conditions, lead to shifts in surface charge. We have found
that the ideality is controlled by at least the TiO, synthesis and
the characteristics of the dye. The former could be consistent
with an explanation of “non-ideality” based on an activity coef-
ficient for the electrons, but the latter seems to support only
an interface-based explanation.

3.2. Short Circuit. At short circuit, all of the available free
energy in the charges is used to extract them with maximum
quantum efficiency. This efficiency depends upon the diffu-
sion constant (mobility) and recombination rate of the elec-
trons in the TiO,. Understanding the determinants of this
efficiency is key to optimizing cell construction. For example,
optimum TiO, film thickness depends in part on the relation
of photocurrent losses to thickness.

Charge transport and recombination at short circuit occurs
as follows. As electrons are injected from the dye, an elec-
tron density gradient builds up across the cell until it is large
enough to carry all of the injected current to the “sink” at the
SnO,. Because transport in the TiO, is rather slow, the result-
ing electron density gradient results in a large average con-
centration of electrons in TiO, (on the order of 10'® cm™3
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TiO,). This electron density causes a certain recombination
flux. The size of this recombination flux relative to the injec-
tion flux gives the efficiency for photocurrent collection. A
value often used to describe the relation of transport and
recombination is the diffusion length. This is the length that
an average charge will diffuse before recombining. If the dif-
fusion length is less than the film thickness, the photocurrent
efficiency will be low. Roughly, a diffusion length >2 times the
film thickness implies most charges will reach the SnO, con-
tact before recombining.

To estimate the photocurrent losses at short circuit, one
can use the charge density and the charge lifetime. The
former can be measured with charge extraction,'' whereas
the latter has been difficult to determine. A direct measure-
ment of the recombination at V = 0 was proposed, referred
to as “constant current transient photovoltage” (CCTPV).”2°
From this measurement, it was found that the recombina-
tion rate was much slower at V = 0 than at V.. It was then
suggested that the recombination rate was only depend-
ent upon the electron density. If so, the recombination rate
at short circuit, for a given light intensity, can be found by
measuring the recombination rate at the open-circuit con-
dition that has the same charge density. This is the cur-
rent method for calculating diffusion lengths®' and losses
at V = 0.7 The resulting diffusion lengths are much longer
than the film thickness, giving the impression that recom-
bination losses at short circuit are near zero for practically
all DSSCs. However, based on the results in Figures 8 and
9, the method just described cannot be correct. If the light
level has an effect on the recombination rate and the
applied potential shifts the band edge, a lifetime from a dif-
ferent light level and bias cannot be used to calculate the
diffusion length at short circuit.

A more robust way to find the diffusion length is to mea-
sure the difference in collection probability for electrons cre-
ated far from and close to the collection electrode.**2* We
have been extending this well-known concept to calculate
accurate diffusion lengths for DSSCs.?* The method involves
measuring the photocurrent efficiency under different illumi-
nation wavelengths (spectral response) using light incident on
the front or back of the cell (Figure 10). When the ratio of the
spectral response from front and back illumination is com-
bined with the measurement of the optical density at each
wavelength, it allows for direct calculation of the diffusion
length. Diffusion lengths measured in this way are ~2.5 times
shorter than those measured by the method involving trans-
port and recombination lifetimes. To test which diffusion
length is correct, we have constructed cells with intentionally
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FIGURE 10. Example of the difference in spectral response
between front (SE) and back (EE) illumination for a cell with the true
diffusion length less than the film thickness (IPCE = incident photon
to current efficiency). The previous method, see the text, gives a 30
um diffusion length for this cell.?®

varied recombination losses at short circuit. We find that the
diffusion lengths calculated from the spectral response method
correctly reproduce the measured photocurrent, whereas the
diffusion lengths calculated by the previous method do not.?>
It appears now that optimized DSSCs with film thickness =16
um are near the maximum thickness allowed by the current
electrolyte compositions. This indicates that small changes in
cell composition that reduce J,c may be causing this reduc-
tion by decreasing the diffusion length. Under the ideal con-
ceptual model, the implied long diffusion lengths force any
change in Js to be ascribed to changes in light absorption or
injection.

3.3. MPP and the Shape of the JV. Although the MPP is
the operating point of the cell, it is much less studied than the
short- or open-circuit condition. However, improvements in the
fill factor of the cell are just as valuable as improvements in
current or voltage. The study of changes in the MPP is also
critical for understanding device aging by accelerated test-
ing. We have begun a study of the shape of the JV by mea-
suring the charge density as a function of voltage in the light
and dark (Figure 11a). This unique data has allowed us to
make a zero free parameter simulation of the complete JV of
both normal and unusual cells.

To extract power from the cell, a load is placed on the
circuit. This increases the voltage on the contacts relative to
short circuit. This introduces a reverse (injection) current at
the Sn0O,/TiO, contact, reducing the net extraction effi-
ciency. The effect is to increase the amount of charge in the
TiO, for a given light level and current. We find that, in typ-
ical cells under 1 sun illumination at the MPP, the cell con-
tains about twice the charge as at V = 0. There are roughly
similar contributions from the charge built up by the diffu-
sion gradient and that caused by the increased potential.
Because the net extraction efficiency is not 1, losses in pho-
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FIGURE 11. (a) Electron density in a typical DSSC as a function of applied potential. (b) Simulation of the JV of the same cell using eqs 1 and
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FIGURE 12. (a) Electron density in a degraded DSSC as a function of applied bias. (b) Simulation of the JV using eqs 1 and 2.

tocurrent at the MPP cannot be calculated from the diffu-
sion length alone.

We combine some of the discoveries mentioned above to
model the complete JV. We begin with the fact that the injec-
tion efficiency does not change significantly across the JV.*
We then model the JV with

J(V)Zjinj_-lrec(v) (])
JredV) = T Ko QuV) Qu(V) (2)

For Jinj, we use Js plus the collection losses at V = 0 indicated
from the spectral response measurement above. Kgar is the
rate constant for recombination, as a function of charge, deter-
mined from the charge density measurements along the dark
JV. Qu(V) is the charge present at V, under illumination. T is the
difference factor between the recombination under dark and
light, determined before the simulation from plots such as Fig-
ure 8. These equations and the measured charge data allow
the entire JV to be simulated with zero fit parameters (Fig-
ures 11b and 12b).
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Figure 11b shows the excellent simulation of a typical
“good” cell. It is perhaps not surprising that we can simulate
such a simple JV. However, the method also works on cells
with materials that do not work perfectly, including degraded
cells after stability testing. Figure 12b shows a cell over 1 year
old that has developed an “S-shaped” JV. Figure 12a shows
the charge versus voltage, light and dark. Unlike the cell in
Figure 11, this cell shows an early onset of charge density, fol-
lowed by a plateau. Nonetheless, eqs 1 and 2 model the JV
perfectly. From this kind of result, one can narrow down the
explanation for the degraded performance. For example, in
Figure 12a, the charge along the dark IV increases in the nor-
mal fashion (Figure 11a). Thus, the anomalous increase in
charge under light almost certainly occurs because the pho-
toinjected electrons cannot escape from the TiO,. This could
come about due to a degraded SnO,/TiO, contact or a
degraded counter electrode. Explanations of the S-shaped IV
involving increased density of trap states or an increased
recombination rate constant can be ruled out.
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4. Conclusions

The study of dye-sensitized cells seem poised to enter an era
of much deeper understanding of the cell components and
functions. We have discussed some of our recent results that
may contribute to this watershed. We expect that the
improved understanding will allow rational choice of new
materials and structures, both raising the efficiency and
improving manufacturability.
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