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fAbstract: Modern dye-sensitized solar cell (DSSC) tech-\

nology was built upon nanoparticle wide bandgap semi-
conductor photoanodes. While versatile and robust, the
sintered nanoparticle architecture exhibits exceedingly
slow electron transport that ultimately restricts the di-
versity of feasible redox mediators. The small collection
of suitable mediators limits both our understanding of
an intriguing heterogeneous system and the perfor-
mance of these promising devices. Recently, a number
of pseudo-1D photoanodes that exhibit accelerated
charge transport and greater materials flexibility were
fabricated. The potential of these alternative photoa-
node architectures for advancing, both directly and indi-
rectly, the performance of DSSCs is explored.
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Introduction

The massive flux of photons incident on the earth from the
sun comprises an inexhaustible and plentiful energy source
for the foreseeable future. In contrast to other renewable re-
sources whose globally extractable power is less than 5 TW,
the solar constant on the Earth’s surface is 120000 TW.!!
The abundant supply and environmental friendliness of
solar energy make the efficient conversion of solar radiation
into electricity a compelling scientific and economic goal.
While the efficiency of numerous classes of photovoltaic
technology has been steadily climbing, one class—dye-sensi-
tized solar cells (DSSCs)—has notably plateaued. After the
original report of a 7% efficient DSSC in 1991, Gritzel and
co-workers quickly pushed the efficiency to 10% by
1993.231 Despite the relatively incremental improvements in
efficiency since then, reaching the current record of 11.2%,
a sea of relevant literature has emerged to raise our basic
science understanding at this intriguing confluence of elec-
trochemistry, photophysics, and materials chemistry./*”

Like organic photovoltaics, DSSCs rely upon an interface
to efficiently split excitons, the tightly bound electron-hole
pairs generated by the absorption of light. In the most
common and most efficient devices to date, light is absorbed
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by a ruthenium complex, such as (Bu,N),[Ru(4,4’-dicarboxy-
2,2"-bipyridine),(NCS),] ¥l that is bound to a metal oxide
photoanode via carboxylate moieties. The photoanode, usu-
ally TiO,, is composed of 10-20 nm diameter nanocrystals
that have been spread on a transparent, conducting oxide
(TCO) substrate and sintered to form a ~16 um thick film.
Following light absorption, the exciton is split across the
dye/nanoparticle interface in femtoseconds to picoseconds.
The injected electron diffuses through the sintered particle
network to be collected at the TCO, while the oxidized dye
is reduced by a redox shuttle, I"/I;7, dissolved in a solution
that both permeates the porous photoelectrode and contacts
the circuit-completing dark electrode (typically, platinized
TCO). Diffusion of the oxidized form of the shuttle to the
counter electrode (dark electrode) completes the circuit.
The slow, random walk of electrons through the nanoparti-
cle film limits the collection of charges to the millisecond
timescale. Considering the close proximity at which oppos-
ing charges traverse the microns-thick device, the successful
operation of DSSCs is a small wonder.

Charge Dynamics

In order to understand and advance DSSC technology, the
kinetics and dynamics of charge movement have been exam-
ined in detail by many researchers, both experimentally and
via computational modeling. The transfer of electrons and
holes across several, often non-ideal and ill-defined, hetero-
geneous interfaces is exceptionally complex. As such, the ki-
netics are sensitive to many subtle factors such as excitation
wavelength and dye loading conditions.”'” Since the kinet-
ics are complicated and don’t always conform to a simple
rate law, rate constants aren’t strictly meaningful. Herein we
will follow the convention of reporting half-life times (see
Table S1 in Supporting Information), in order to appreciate
the different time scales of the relevant processes that span
nine orders of magnitude such as depicted in Figure 1.

100 ps

Figure 1. Kinetic processes in DSSCs. Processes in kinetic competition
have similar colors.
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For each time constant, the value shown is the most cur-
rent literature datum measured on a standard cell under op-
erating conditions, preferably at the maximum power point
(=700 mV).l" A standard cell is taken to be a complete
device with configuration similar to the most efficient DSSC
to date."”! Processes refer to electron dynamics unless other-
wise noted and rates in direct kinetic competition are shown
with the same color.

In order to relate these processes to PV performance, the
charge dynamics are best viewed on a modified energy level
diagram in Figure 2. Potentials are taken from literature re-
ports, Table S2 in Supporting Information.
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Figure 2. Kinetic processes in DSSCs on a modified energy level diagram.

The convenience of reporting half times of reaction rates
may result in the misconception that there is considerable
room for improvement by minimizing kinetic redundancy.
For example, it appears that charge injection is almost 100
times faster than the competing process, relaxation of the
excited state. If this were the case, then V. could be sub-
stantially enhanced by shifting the conduction band edge of
TiO, negative without loss of charge collection efficiency.
That this is not the case (or at least not entirely) is due to
the dispersive kinetics of charge injection. In fact, studies of
competing processes have shown that in its most efficient
configuration a DSSC has comparatively little kinetic redun-
dancy.""'" This point may be visualized in Figure 3, in
which order-of-magnitude estimates of area normalized
rates at the maximum power point are taken from literature
and presented as gaussian curves on a logarithmic time
scale.''"]

As state-of-the-art DSSCs have been optimized for maxi-
mum voltage while retaining near unity absorbed photon-to-
current efficiency, dramatically new versions of the key com-
ponents are warranted to advance the field. These could in-
clude new super chromophores that can collect light 10 to
100 times more efficiently than existing chromophores, new
shuttles that can regenerate dyes at low driving force yet ex-
hibit slow interception of injected charges, or new photo-
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Figure 3. Area normalized rates from literature show charge dynamics in
direct kinetic competition at the maximum power point.

electrode architectures. Below we consider the third idea:
replacing the foundation of modern DSSC technology, the
nanoparticle film, with new photoanodes.

Photoanode Requirements

By combining optical transparency with a large surface for
dye loading, the introduction of a sintered titania nanoparti-
cle (NP) film was paramount to the early success of
DSSCs.”! The NP film exhibits remarkably slow electron dif-
fusion matched only by the exceedingly slow charge inter-
ception by adjacent I;~. Even sixteen years after its incep-
tion, a complete understanding of the competition between
transport of the electron through the TiO,-NP membrane
versus interception by I;”—which is the key to the efficient
operation of existing DSSCs—remains elusive.[*'¥ While the
NP film is still present in the most efficient DSSCs to date,
new materials and nanoscale architectures are attracting at-
tention. Below we consider several alternative photoanode
architectures and their potential for improving the efficiency
and our understanding of DSSCs.

The demands on a DSSC photoanode are many-fold.
These demands are best illustrated by examining a mathe-
matical model that describes a photoanode’s primary task,
quantitative charge transport of injected electrons to the
TCO. The continuity equation, introduced for DSSCs by
Lindquist and popularized by Peter, describes electron gen-
eration, diffusion, and interception, respectively.®*

on Cwr on n(x)
i Ninlocae™ + DnW— T

= =0 1)
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with boundary conditions:

n(0) = nehs )
UG 3)

Here the electron concentration, charge injection efficiency,
incident photon flux, absorption coefficient, and apparent
diffusion coefficient, are represented by n, 9y, Iy, @, and D,,
respectively. The effective (trap-limited) lifetime of elec-
trons, 7,, describes the rate of interception of electrons in
the photoanode by I;~ through the film thickness, d. The
variables n’, g, U, ks, and T represent equilibrium (dark)
electron density, the elementary charge, voltage, Boltzman’s
constant, and temperature. This steady-state equation may
be solved numerically throughout the thickness, x, of the
film or solved exactly at the TCO in order to generate cur-
rent-voltage plots.'"!

—Lacosh(%) + sinh
J(U) = qnil o Lax

—qD,n°

sinh(§>
_— (ekqa_UT—1>
Lcosh(%)

where the electron diffusion distance, L, is related to D, and
7, by

o )

The kinetic competition between charge injection and excit-
ed state decay (Figure 3a) is parameterized by #;,. The com-
petition between dye regeneration and recombination to the
dye* (Figure 3b) is notably absent, although it has been in-
corporated in more detailed models."”! The primary duty of
this model is to predict the distribution of electrons through-
out the photoanode and the current-voltage characteristics
for a given competition between 7, and charge transport
(z4), which is inversely proportional to D, (Figure 3c). A
good photoanode will maximize the number of electrons
generated, the rate at which they are collected, and their
lifetime by maximizing each independent variable listed
above. Briefly, 7, is maximized by having a large density of
unpopulated states in the photoanode positive of the dye™
potential, preferably at optimal exoergicity. Maximizing the
photon flux to the dye is dependent upon the transparency
of the unsensitized semiconductor framework. The absorp-
tion coefficient is directly proportional to the effective
molar concentration of the dye, which is determined by the
roughness of the framework. D, goes as the mobility of the
semiconductor according to the Einstein relation [Eq. (6)],
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but is often determined by trap controlled hopping between
low energy states.”>?! Finally, 7,, is related to the quasi-
Fermi level of electrons in the film, and also shows trap den-
sity dependence.”>® All else being equal, a photoanode
that increases one of these independent variables will in-
crease efficiency, with the exception of D, which offers di-
minishing returns in the limit of kinetic redundancy
(Figure 3c).

Nanoparticle Thin Films

As a transparent, high surface area framework, a metal
oxide NP film was an excellent starting point for DSSCs.
The ease of fabrication, minimal cost, and control over light
scattering have ensured these structures provide the basis
for the most efficient DSSCs to date (11.2%). Optimized
films employ 10-20 nm spherical particles to form a high
surface area, 12 um thick transparent film (Figure 4). The

I 500 nm I

Figure 4. Conventional TiO, nanoparticle film.

surface area enhancement is described by the roughness
factor, defined as the ratio of actual surface area to the pro-
jected surface area, with NP films exhibiting roughness fac-
tors in excess of 1000. A ~4 um thick film of much larger
(~400 nm) particle diameter is subsequently deposited in
order to scatter red and near-IR photons back into the
transparent film.!! (The dyes employed in the most efficient
cells typically absorb poorly in the red and near-IR region,
so they can collect more photons in this region if a scatter-
ing layer is present.)

Despite the adequate performance of nanoparticle films
in conventional DSSCs, this photoanode geometry has sever-
al disadvantages. These include low porosity, lack of materi-
als generality, and tedious particle synthesis. But the primary
weakness of the NP photoanode is the extraordinarily small
apparent diffusion coefficient, D,. Electron transport to the
TCO is often modeled as the trapping and thermal release
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of electrons from a distribution of sub-bandedge states. This
process is highly dependent on the Fermi level, with TiO,
nanoparticle films showing D, of order 10~ cm*s™' when the
electron concentration is similar to that at the power
point.'>?! Using the Einstein relation along with measured
mobilities (1) of 13ecmV~'s™' for single crystal anatase
TiO,,® photoanodes with D, of order 10! cm?*s™! (i.e., a

thousand times that in NP films) could be envisaged.

Nanorod Arrays

A DSSC photoanode based on an array of aligned nanorods
was introduced in 2005.%°l The photoanode is prepared on a
conducting glass substrate on which a layer of ZnO particles
has been deposited to seed nanorod growth. Preferential
growth of the [0001] crystal face from solution affords mod-
erately high aspect ratio single crystal rods perpendicular to
the TCO (Figure 5). In order to further enhance anisotropic
growth poly(ethyleneimine) is included in the growth solu-
tion, enabling rods with aspect ratios in excess of 125.%"

Figure 5. ZnO nanorod film grown from Zn salt solution onto F/SnO,.

Compared to nanoparticle films (roughness factors
>1000) the arrays are most notably lacking in roughness
(<200), significantly decreasing Jsc and therefore limiting #
to 1.5%.) In addition, the solution growth of rods has been
restricted primarily to ZnO. This is unfortunate, as ZnO
photoanodes show consistently lower performance than sim-
ilar TiO, devices, owing primarily to the instability of ZnO
in acidic dye solution.”®! Despite their modest success in
DSSCs to date, nanorod photoanodes possess several attrac-
tive features including low cost, scalability, and accelerated
electron transport.?*3

Nanotube Arrays
To overcome the apparent limitations on nanorod array

roughness, a second route to low dimensionality DSSC pho-
toanodes has been established in the form of nanotubes. In
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contrast to solution-phase nanorod growth, the electrochem-
ical anodization of select metal films affords an array of
metal oxide nanotubes with tunable roughness over 1000.
When a suitable metal such as Ti is employed, the mem-
branes may be employed directly as photoanodes with con-
version efficiency approaching 7 % .5

Our group has made the fabrication of nanotubes materi-
als-general by conformably coating anodic aluminum oxide
(AAO) membranes via atomic layer deposition (ALD).>3
In this technique, alternate exposures to reactive gas precur-
sors are separated by inert gas purging to deposit films of
metal oxides, sulfides, or nitrides. The self-limiting nature of
the layer-by-layer growth technique makes ALD uniquely
suited to high aspect ratio nanofabrication applications. The
result is a transparent array of polycrystalline tubes, the wall
thickness of which may be controlled with angstrom resolu-
tion (Figure 6). An optimal ZnO tube thickness grown
within and upon commercially available AAO affords
DSSCs with 1.6% efficiency, limited primarily by the
modest roughness factor of commercial membranes (<450).
The fill factor (FF) and Vo of ZnO nanotube devices
exceed those of any other ZnO photoanode reported to
date.

M 200mnm 1

Figure 6. ZnO tubes grown by ALD on commercial AAO.

The most obvious advantage of the templated photoano-
des grown by ALD is the diversity of metal oxides that may
now be employed in the study of DSSCs. The hydrothermal
growth of nanorod arrays has been reported for only a small
subset of metal oxides. Likewise, fabricating high surface
area NP photoelectrodes of different metal oxides is a tech-
nical challenge that has yet to be overcome for several
oxides of interest (e.g. NiO).’¥) In contrast, the ALD of a
long list of transition metal oxides may yield high surface
area anodes. ALD also opens wide the possibility of mixed
metal oxide devices to be employed in DSSCs. Due to the
high reproducibility of the template, this approach is also es-
pecially well suited to precisely comparing metal oxides in-
dependent of photoanode geometry and roughness.

A large effective surface area, which enables significant
light absorption from moderate extinction dyes, is a prereq-
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uisite for efficient DSSCs. While nanorods can in principle
have large roughness factors, they have not yet been devel-
oped. Similar to NP systems, the AAO templates allow for
large and controllable surface areas. Unlike NPs, however,
AAO templates allow for independent control of the porosi-
ty, with 50 % porous membranes feasible.* The large poros-
ities may enable thick membranes to handle large current
densities by overcoming the mass-transport limitations of
thick NP films. In addition, the alternative architectures are
one dimensional, or pseudo-one dimensional, which should
result in faster electron transport than in three-dimensional
NP films. Finally, both hydrothermal growth and ALD are
expected to yield more pristine semiconductors with larger
polycrystalline domains compared to NP films, resulting in
fewer surface trap states and grain boundaries or particle-
particle junctions. The advantages of the accelerated trans-
port and lower defect densities are considered below.

Architecture-Enabled Strategies for Improving
Photovoltage: Replacing I />

The novel architectures and deposition methods outlined
above should stimulate the field of DSSC-based energy con-
version by enabling innovative routes to improved device
performance. Strategies for improving the photovoltage at
open circuit (Vo) in DSSCs may be divided into two cate-
gories. The first strategy is to reduce the dark current (inter-
ception current) at a given photoanode Fermi level. The
second is to push the counter electrode potential more posi-
tive by changing the redox couple to which its Fermi level is
pinned, Figure 2. To further complicate matters, the two
strategies are enmeshed, as (all else being equal) dark cur-
rents are anticipated to depend to some extent on the redox
couple’s potential. In any case, the photovoltage is the dif-
ference of the Fermi level for the counter electrode (fixed at
the redox shuttle potential, Eg, .4, if concentration polariza-
tion can be neglected) and the photoelectrode, ,Ep

q Uphmo = nEFfEF,redox (7)

The Vo of the most efficient DSSC to date is 850 mV.'* In
the absence of hot carrier injection, ,Er may not exceed the
dye excited-state potential, thus limiting the Ve to 1.3V
in traditional I7/I;~ DSSCs (Figure 2). Clearly, even with 17/
I;~ there is room for improvement based on the strategy of
reducing dark current.

Further improvement of Vc requires an alternative redox
couple with a more positive potential, approaching the dye”*
potential (strategy 2). The optical gap of the Ru dye in the
most efficient DSSC to date is ~1.8 eV, but the dye”* po-
tential differs from the I/I;~ potential by ~500 mV.**"! The
potential difference is necessary to drive regeneration at an
acceptable rate and is a consequence of the unusually large
reorganization energy for I'/I;". While detrimental to regen-
eration, the large reorganization energy paradoxically is
beneficial in terms of dark current minimization.
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All reports of efficient (>4% at 1 sun illumination)
DSSCs to date have utilized the I/I;~ couple as a dye re-
generator and redox mediator. The uniquely good perfor-
mance of I7/I;” in these cells can be attributed to slow back
electron transfer from TiO, to the mediator, maximizing
Voc in accordance with the diode equation. The I;7/I”
couple, however, has a number of disadvantages, including
the corrosive nature of the oxidized species toward a tradi-
tional silver current collection mesh, which inhibits the low
cost commercialization of DSSCs. Further, the complex ki-
netics precludes a general understanding of the heterogene-
ous electron transfer reactions in these photoelectrochemi-
cal systems. Additionally, the redox potential of I"/I;~ limits
the maximum possible Vo of the best DSSCs to 1.3V
owing to the roughly 500 mV of overpotential required for
reduction of the oxidized dye as described above (see
Figure 2). Attempts to increase the voltage by making the
solution potential more positive require increasing the con-
centration of I;~, which simultaneously increases the rate of
electron interception (lowers  Er), thereby preventing an
overall V- improvement. Thus, in order to extract all the
voltage available in a DSSC, alternative redox couples with
potentials more closely matched to the dye oxidation poten-
tial need to be identified.

In general, one-electron, outer-sphere redox reagents such
as ferrocenes have not been useful mediators in DSSCs.*
Although such species often rapidly reduce the oxidized
dye, these systems also have substantial dark reactivity, due
to facile reduction of their oxidized form by electrons in the
conduction band of the TiO,. This rapid interception of elec-
trons in the photoanode creates two distinct problems in the
operation of a DSSC: loss of V¢ and diminished charge col-
lection efficiency. The most well recognized detriment is the
reduction in the V¢ in accordance with the diode equation.
Unlike charge collection losses due to competing kinetic
processes (Figure 3), slowing competing processes cannot
circumvent this loss of Ve Since the light-generated cur-
rent and dark current must be equal (and opposite) at open
circuit, compensating for a dark-current induced loss of V¢
requires increasing the number of charges injected per unit
time. In contrast, the loss of photocurrent (even under short
circuit conditions) due to interception of diffusing electrons
on their way to the TCO is controlled by a kinetic competi-
tion, shown in Figure 3c. This competition between charge
lifetime (7,) and charge transport time (z,) has been exten-
sively studied via both frequency and time resolved tech-
niques.*>*) The theoretical treatment, already introduced
as Equation (1), is employed to understand competition in
DSSCs under steady state conditions. Using this formalism,
the effects of accelerating electron interception (reducing
7,) have been modeled in Figure 7. Initially, V5 monotoni-
cally decreases with progressively shorter 7, while the cur-
rent density under short circuit conditions (Jgc) remains con-
stant. Given sufficiently fast transport (short z,) only the ef-
fects of the increased dark current are visible in the J/V
curve under illumination, that is, lower V.. However, under
conditions of even faster interception, or when the competi-
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Figure 7. Current/voltage curves for DSSCs with progressively shorter
charge lifetime (z,). Each line represents an order of magnitude faster in-
terception. For simplicity, curves have been calculated assuming ideal be-
havior (diode quality factor of unity). Real DSSCs generally behave less
ideally, exhibiting smaller fill factors and showing (or implying) even
greater sensitivity of Vi to 7, variations.

tion in Figure 3c becomes relevant, a loss of photocurrent is
predicted. As must be the case for a system in which the col-
lection efficiency approaches unity, 74 has been shown to be
significantly smaller than 7, in systems in which I'/I;” is em-
ployed. Yet, in many other DSSCs, the kinetic competition
is relevant as evidenced in numerous reports of fast inter-
ception conditions.®>**#! In one particularly interesting ex-
ample, DSSCs that used cobalt(III/IT) tris(4,4'-di-tert-butyl-
2,2"-bipyridyl), [Co(Bu,bpy);]*+”**, as a redox mediator ex-
hibited excellent efficiencies, while cobalt(III/IT) tris(4,4'-di-
methyl-2,2"-bipyridyl), [Co(Me,bpy)s]**+"*, systems showed
poor performance.? If the tert-butyl group acts as a spacer
group to slow electron interception, the performance differ-
ence could be due to 7, being slightly larger than 7, for [Co-
(Me,bpy);]**"**, but 7, being slightly smaller than 7, for [Co-
(tBuszy)3]3+/2+.[43]

Reducing charge collection losses at low applied poten-
tials requires a photoanode that exhibits faster charge diffu-
sion according to:

d2
= 8
D" 4.rd ( )

As previously discussed, D, is surprisingly slow in NP thin
films and dependent upon Ep effects most readily ex-
plained by the activation energy of trapping/de-trapping re-
quired to facilitate charge hopping. The result is a potential
dependence of both 7, and 74 (or equivalently, a light-flux
dependence). In contrast, hydrothermally grown ZnO pho-
toanodes show considerably faster charge transport under
short-circuit conditions (Figure 8).”*3 The faster transport
is not surprising, given the superior crystallinity and reduced
dimensionality of ZnO nanorod arrays compared to nano-
particle films.” Although to a lesser degree, we find that
the polycrystalline ZnO photoanodes deposited on the
pseudo-one-dimensional templates described above also ex-
hibit superior charge transport.

4464 —— www.chemeurj.org

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

1e+0 1
= le-1 M\‘L\-ﬁ\
PR Ao
£ b Ty A N\a\
= qen [T (S - R
g 1624 TS Smaaay .___I“ ________ R
5 e
& 1e-3 4
@
£
kT
5 1e-4 o o o o
1e-5 T T
1e+15 1e+16

photon flux [cm™ s7']

Figure 8. Charge transport (circles) and interception (triangle) lifetimes
for nanocrystalline (filled, red) and nanorod (open, blue) ZnO photoano-
des of similar thickness (~4 pm).”! Importantly, the faster transport
rates for the nanorod array architecture are not compensated by faster
interception kinetics.

A related idea is to employ sensitizers with significantly
larger extinction since this would allow equal light harvest-
ing efficiency within a thinner photoanode. According to
Equation (8), a 10-fold reduction in photoanode thickness
will reduce 7, by 100-fold. Reducing the charge collection
time in this manner has the same advantages as increasing
D,. Furthermore, a reduction in dark current is expected to
accompany any decrease in surface area.

Building DSSCs with significantly faster charge transport
kinetics should allow devices with a wider variety of redox
mediators to be used. To date, successful experiments with
only the very slowest of redox shuttles have been carried
out. Studies of faster shuttles, notably ferrocene, have been
characterized by almost complete device failure due to poor
charge collection.” Alternative photoanodes should over-
come this loss, as shown modeled in Figure 9, allowing for
the further exploration of redox mediators including com-
mercially attractive solid-state hole conductors.***! Further-
more, redox shuttles with more positive potentials may be
studied, creating the possibility of voltages exceeding 1.0 V.

161

141

Photocurrent [mA / cm?]
[+:]

0.0 0.2 04 0.6 0.8 1.0
viv]
Figure 9. In devices with relatively short charge lifetimes (the shortest
shown in Figure 7), charge collection at low applied potentials may be

improved by increasing the diffusion rate. Each line represents an order
of magnitude larger apparent electron diffusion coefficient (D).

Chem. Eur. J. 2008, 14, 4458 —4467


www.chemeurj.org

Dye-Sensitized Solar Cells

Architecture-Enabled Strategies for Improving
Photovoltage: Reducing the Dark Current

In the most efficient DSSCs, the primary recombination/in-
terception pathway at open circuit is from electrons in the
NP film to I;~ in solution. In order to reduce the dark cur-
rent at a given ,Ey, inorganic barrier layers, alkyl chain addi-
tions to the Ru dye, and co-absorbents have been utilized
with moderate success.'>!4#7] These physical barriers be-
tween semiconductors and redox shuttle comprise tunneling
barriers, which attenuate the rate of electron transfer from
the semiconductor to the shuttle.

A related notion centers on the reaction order for the
electron interception process. For triiodide as the intercep-
tor, the mechanism of this potentially multi-electron process
is complex and controversial. In particular, the reaction
order with respect to electrons is debated;?*! nevertheless
it is clear that the interception rate increases with increasing
concentration of electrons in the photoanode. This implies
that photoanodes with a lower density of states at a given
.Fr will exhibit slower interception, all else being equal.
This effect has been illustrated nicely by Haque et al. where
the electrolyte composition was varied in order to shift the
density of states which controlled the rate of electron inter-
ception.™ The effect of reducing dark current on photovolt-
age may be modeled for an ideal photoanode using Equa-
tion (4). The result is an ~60 mV increase in V¢ with each
order of magnitude reduction in dark current (Figure 10). In
semiconductor electrodes with larger diode quality factor,
the change is even more dramatic.

=
»

=
B

-
o

s
%}
-y

Photocurrent [mA / cm’]
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0.0 0.2 04 0.6 0.8 1.0
ViVl
Figure 10. In ideal photoanodes, decreasing the dark current density in-

creases the voltage at open circuit and at the power point. Each line rep-
resents an order of magnitude lower dark current density.

In nanostructured photoelectrodes, the relevant states
likely comprise both conduction band states and trap states.
Electron traps in TiO, arise mainly from “incorrectly” coor-
dinated titanium ions found at intrinsic defect sites and sur-
face sites, and near intercalated species. Both hydrothermal
growth and ALD are expected to yield more pristine semi-
conductors with larger polycrystalline domains than found
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in NP films, thus reducing the number of trap states. It may
be possible to further reduce the number of electron traps
near the semiconductor surface by atomic layer deposition
of a second material. For example, ultra-thin layers of insu-
lators such as ZrO, are expected to react with and bury or
“correct” the coordination of these sites while at the same
time presenting a tunneling barrier to electron interception.
Thus, fabrication of higher quality semiconductors and/or
controlling the surface chemistry with ALD**! may lead to
lower dark currents at a given ,Ep

Novel electrode architectures may also influence the rate
at which oxidizing redox equivalents interact with the semi-
conductor surface by altering the packing of chromophores.
Like inorganic blocking layers, the dye itself acts to reduce
the effective surface area of semiconductor exposed to the
redox mediator.'">™ The extent of dark current reduction is
dependent upon the size of the redox mediator and the po-
rosity of the chromophoric monolayer. On flat surfaces, it
has been shown that construction of chromophoric monolay-
ers capable of blocking molecular species (while passing
smaller ionic species, for example, Li*) is feasible.’)] As the
length of chromophores is comparable to the pore size of
high area photoelectrodes in many DSSCs, the curvature of
the photoanode is likely to influence porosity. The convex
interior surface of a tube is more likely to the block entry of
oxidizing equivalents compared to the convex surfaces of
particles and rods (Figure 11).

Nanotube

Nanoparticle
Nanorod

Figure 11. Idealized dyes bound to convex and concave surfaces may
sieve different size species in solution, for example lithium ions (small,
light green blocks) versus molecular redox shuttles (large, dark red
blocks).

Novel photoelectrode architectures also should accommo-
date higher extinction chromophores. The porphyrin oligo-
mer shown in Figure 1257 comprises one example of a po-
tentially strongly absorbing and broadly absorbing chromo-
phore suitable for an advanced DSSC. This next generation
of chromophores, with lengths in excess of 5 nm, will have
difficulty permeating typical nanoparticle photoanodes.
These new “super-chromophores” have the potential to sig-
nificantly reduce dark currents in DSSCs by allowing an
order of magnitude lower surface area photoanode to be
used without loss of light harvesting efficiency.
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Jse, pushing DSSCs perfor-
mance closer to the still-distant
thermodynamic limit.

Conclusion

Figure 12. Porphyrin oligomers have greater extinction than traditional inorganic DSSC dyes. Incorporation of

these larger chromophores will require a more porous photoanode.

Architecture-Enabled Strategies for Improving J

The possibility of employing alternative redox mediators in
DSSCs creates a cascade of new opportunities. The most ex-
citing prospect is the ability to rapidly reduce an oxidized
dye with smaller optical gap using minimal driving force.
Since incident photon-to-current efficiencies already ap-
proach unity from 350-650 nm in the most efficient DSSCs,
increasing the photocurrent requires extending dye absorp-
tion into the infrared. Under ideal conditions, a single junc-
tion solar cell with optical gap of ~1.4 eV (corresponding to
900 nm light) has the potential to generate 33 mAcm 2.
Comparison of this with the highest current reported to date
for a DSSC (which employs the “black dye” Ru complex) of
21 mA cm™? indicates that there is much room for improve-
ment if alternate redox couples can be utilized.””

There are two approaches to narrowing the dye’s optical
gap in order to collect a greater portion of the AM1.5 spec-
trum. Shifting the dye*'* potential less negative is one possi-
bility, but the overpotential required for electron injection
into the metal oxide at a rate sufficient to compete with ra-
diative and nonradiative decay is already essentially opti-
mized for a given photoanode material (Figure 3a). The
second approach is to push the dye*” level more negative;
however this approach is subject to a combination of prob-
lems that have thus far limited its implementation. A more
negative (less positive) dye*” potential is expected to en-
gender slower regeneration kinetics due, at least in part, to
the lower driving force of the reaction. Further compound-
ing the problem, recombination to oxidized ruthenium and
osmium dyes has been shown (at least at shorter timescales)
to be subject to Marcus “inverted region” kinetics.”*> (At
longer times recombination seems to be trap limited, so is
insensitive to the dye”* potential).”**® Therefore, shifting
the ground state potential of the dye negative results in a
lower driving force and hence faster recombination. The
concomitant problems of slower regeneration and faster re-
combination make the successful use of dyes that extend the
spectral coverage in the current system extremely challeng-
ing.

Yet faster redox shuttles (that are incompatible with
nanoparticle DSSCs) have already been shown to rapidly
reduce oxidized dyes with less driving force.’®*! Therefore,
we expect the application of faster redox shuttles to allow
the competitive reduction of the oxidized form of smaller
bandgap dyes, when combined with alternative photoanode
geometries. These smaller band gap dyes may enable greater
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By making feasible the use of

faster redox shuttles and by

(potentially) enabling new ap-
proaches to dark current suppression, new photoelectrode
architectures and fabrication strategies are opening up the
possibility for improvement of photoelectrochemical systems
that have been otherwise almost completely optimized. So-
lution grown ZnO nanorod arrays and templated photoano-
des grown by ALD are believed to have many fewer trap
states. Under short circuit conditions these novel architec-
tures may also exhibit lower electron concentrations owing
to faster charge transport to the TCO. Faster charge trans-
port will enable a wide variety of redox mediators to be
studied while retaining reasonable charge collection efficien-
cy. This may, in turn, allow dyes with greater spectral cover-
age to be employed in DSSCs.
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