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Abstract

Studies of photoinduced charge separation in supermolecular systems, such as molecular diads, have shown that achieving a high yield
of long lived and energetic charge separated states requires careful optimisation of system design. Such optimisation typically requires a
compromise between conflicting constraints with, for example, increased electronic coupling favouring a high charge separation yield but at
the expense of lifetime of the charge separated state. In this paper we will apply such considerations to the optimisation of interfacial electron
transfer dynamics in dye sensitised, nanocrystalline solar cells, focusing on the dynamics of electron injection and charge recombination
between sensitiser dyes and nanocrystalline; B@ctrodes. We will first of all review our fundamental understanding of these dynamics
in terms of non-adiabatic electron transfer theory, and discuss the influence of electron trapping within thpofiGhese dynamics. We
will then go on to address what the ‘optimum’ electron transfer dynamics are for efficient device function, and in particular the concept of
‘kinetic redundancy’ whereby it is undesirable to have unnecessarily fast forward electron transfer reactions. We consider strategies to achieve
optimum electron transfer dynamics, focusing in particular on the control of these dynamics by the use of conformal metal oxide coatings.
Finally the fundamental limitations to optimisation of the interfacial electron transfer dynamics are discussed, addressing in particular the
potential role of interfacial energetic inhomogeneities in limiting device optimisation.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction
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E-mail addressj.durrant@ic.ac.uk (J.R. Durrant). tition at the dye sensitised interface plays a central role in
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determining device energy conversion efficiency. Efficient where kinj is the electron injection rate constant, the
charge separation requires the electron injection kinetics electronic coupling between the dye excited state and each
(kinj) to be faster than decay of the excited state decay to conduction band state of the electrode (assumed to be state
ground ko). Efficient cation transfer to the redox electrolyte independent) anf, is the excited state oxidation potential
requires the dye cation re-reduction by the redox couple energy of the adsorbed molecule.is the electrochemical
(kreg) to be faster than recombination between injected elec- potential energy of conduction band states (and therefore
trons and photogenerated dye catiokg)( Finally, efficient negative for most semiconductors). The equation corre-
charge collection requires charge recombination between in-sponds essentially to an extension of Marcus non-adiabatic
jected electrons and oxidised redox species in the electrolyteelectron transfer theory by incorporating a continuum of
to be slower than transport of these species to the workingelectronic states in the semiconductgE) is the normalised
and counter electrodes, respectively. density of states of these electronic stafél, Ef) is the

In this paper we focus upon the electron injection and Fermi occupancy factor to account of the fact that electron
recombination processdg,; and ker observed following injection is only possible into unoccupied statgsis the
pulsed laser excitation of the dye sensitised nanocrystallinereorganisational energy associated with electron injection.

TiO, films: The exponential term in this equation results in electron
i B injection occurring optimally to conduction band states ly-

D* = DV +eyo (1) ing A below the dye excited state energy, corresponding to
activationless electron injection. A central prediction of this

DV + evo ko D 2) equation is that as the Fermi level (or conduction band edge)

of the semiconductor is raised to an energy withih of
In Section 20of this paper we consider the parameters the dye excited state oxidation potential, the rate of electron

influencing these charge separation and recombination dy-injection is retarded. This retardation arises from the reduc-
namics, and the extent to which these dynamics can betion in the number of unoccupied acceptor states available
described by simple non-adiabatic electron transfer the- for electron injection. An analogous treatment can be made
ory. In Section 3 we address strategies which can be for the recombination reactiok [3]. Such recombination
employed to optimise these dynamics in dye sensitised so-reactions have been previously reported to lie in the Mar-
lar cells, introducing the concept of ‘kinetic redundancy’, cus inverted region, with a significant activation barrier to
and suggesting that optimum device function will be ob- charge recombinatiof#].
tained when the charge separation dynamics are just fast From Eq. (1) it is apparent that the electron injection
enough to compete effectively against excited state decayshould ideally exhibit first order, exponential kinetics. Sim-
to ground. Two strategies are considered for optimisation ilarly from (2), second order dynamics should in general be
of the charge separation and recombination dynamics: (1)expected for the recombination reactikg. However we
variation of the protonation state of the sensitiser dye; note that the density of electrong},] may result not only
and (2) the introduction of a high band-gap metal oxide from photoinjected electrons but also the density of electrons
barrier layer on the surface of the nanocrystalline ;TiIO present in the metal oxide conduction band/sub-bandgap
film. In both sections we focus on nanocrystalline FiO states prior to optical excitation, as defined by the position
films sensitised by the Ru(dcbpyNCS) dye (Cis-bis of the metal oxide Fermi level. The metal oxides under con-
(isothiocyanato)bis(2;2ipyridil-4,4 -dicarboxilato)-ruthe- sideration here are n-type semiconductors. In the limit of
nium(Il)), these being the materials most typically employed low intensity optical excitation, and therefore a low density
in technological development of dye sensitised solar cells. of photogenerated dye cations, the total electron density will

be greater than the density of photogenerated dye cations

(lemo] > [DT]); under such conditions pseudo-first order
2. Interfacial electron transfer dynamics recombination dynamics are expected.

2.1. Theoretical considerations 2.2. TiQ density of states

Following theoretical treatments of interfacial electron  The form of the TiQ density of stateg(E) is critical to
transfer processes developed in the 1960s, the rate constargvaluation ofEq. (3) A key consideration in experimental
kinj for electron injection from the excited state of an ad- determination ofg(E) is that, due to the small diameter
sorbed dye molecule into the conduction band of an elec- (approximately 15nm) of the metal oxide nanoparticles

trode can be expressed [83: comprising the film,g(E) is strongly dependent upon the
adsorption of charged species to the film surface. In par-

kinj =A/V2(l— f(E, Ep))g(E) ticular, due to the protonation/deprqtonaFio.n of surface
bound hydroxyl groups, nanocrystalline BiGilms have

—(Em — E+2)? dE 3 been shown to exhibit Nernstein shifts of their conduction
x exp MkgT (3) band energetics by 60 meV per pH uifi—7]. Potential
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determining ions for flat potential of such films have been
shown to include not only protons but also small metal
cations such as lithiurn8,9]. Experimental probes ai(E)

1249

Similar experiments reported elsewhere have resolved sim-
ilar components, with the addition of a further component
with lifetime of 100 ps[19]. Remarkably similar, multiex-

in the presence of electrolytes have been largely limited to ponential injection kinetics have been reported for a range
electrochemical and spectroelectrochemical studies of elec-of other sensitiser dyes adsorbed to nanocrystalline; TiO

tron density §,,,] as a function of applied potential. Such

films, including zinc and free base tetracarboxyphenyl por-

experiments have, for example, exploited the characteristicphyrins (Zn and I TCPP, respectively\{R0] and fluorescin

blue/black coloration of nanocrystalline TiGilms at neg-
ative potentials attributed to the reduction of-Tiions to
Ti®t. Such studies have typically found the electron den-
sity increases approximately exponentially with negative
applied potentiaEg:

[epmo] o exp(—i—i)

Typical experimental values foEp lie in the range
60—-100 meV10-12] Assuming that(E) is independent of
Er, the observation thafg > kg T suggests these electrons
do not primarily result from increased occupancy of the

(4)

TiO> conduction band. This behaviour is however consistent

with an exponentially increasing density of states:

E
8(E) ocexp <_E_o)

It has thus been concluded that nanocrystalline; Tiltns

(%)

27 [21,22] We note that all of these dyes are expected to
have excited state energies well above the;TéOnduction
band edge and be bound such that the excited state is close
to the TiQ, surface. Studies of sensitiser dyes, for exam-
ple, employing spacers between the dye excited state and
the film surface have reported a significant retardation of the
injection kineticg23]. Several studies have focussed on the
<100fs phase of the electron injection dynamics, with the
relative amplitude of this phase being found to increase as
the excitation wavelength is shifted to shorter wavelengths
and as the free energy difference between the dye excited
state and the electrode conduction band edge is increased
[24,25] Both effects have been shown to be consistent with
kinetic competition between ultrafast electron injection from
the dye singlet excited state and energetic relaxation to the
dye triplet state.

The non-exponential nature of the injection kinetics are
clearly inconsistent with homogeneous, first order injection
kinetics as expressed IBq. (1) This non-exponentiality is

exhibit an exponential tail of sub-bandgap states below their not dye specific and therefore cannot be attributed solely
conduction band. These states are typically assigned to lo-to kinetic competition between electron injection and relax-

calised T#* species.

2.3. Electron injection

Efficient charge separation requires the rate of elec-
tron injection to be faster than the decay of the dye
excited state to ground. Following optical excitation of
the main metal-to-ligand charge transfer transition of
Ru(dcbpy}(NCS), (absorption maximum at535nm) in
solution, a rapid relaxation<150fs) of this excited state

ation dynamics of the dye excited state. Y#6é] and oth-
ers[16] have proposed that this non-exponential behaviour
may derive from local inhomogeneities in density of accep-
tor stategy(E):

gi(E) = g(E +d;) (6)

where the local density of statgg(E) of sitei exhibits an
energetic shift from the ensemble averaged density of states
by an energy shiftl;. Shifts of the energetics @f(E) have
been suggested elsewhere to be the origin of variations in

results in the generation of a lower energy excited state the yield[16,27] and kinetics[25,28] of electron injection

[13], thought be of primarily triplet character, with a emis-
sion maximum at~800 nm. Such behaviour is typical of
ruthenium bipyrdyl dye$14]. The lifetime of this excited
state is 50ns in degassed solv§hi], and 3-25ns when
absorbed to an inert substrate (2)@13], indicating that
achieving a high yield of electron injection will require
electron injection time constants of 100 ps to 1 ns or faster.
The kinetics of charge separation for Ru(dckMCS)
sensitised Ti@ films have received extensive attention in
recent years, with significant differences in the injection dy-
namics being reported by different stud{@8,17-26] Our
own studies[13,18,20] of such films covered in an inert

for similar dye sensitised Ti©and ZnO films as a func-
tion of the concentration of potential determining ions in
the electrolyte in which the film is immersed. Microscop-
ically, local variations in surface charge can be expected
to result in inhomogeneities in the density of acceptor
statesg;(E) for each dye molecule, as indicatedkiq. (6)

Fig. 1 shows a comparison of numerical calculations using
Eqg. (3)and employing this inhomogeneous model with ex-
perimental injection data. The model calculations employ
an exponential density of states as giverEig. (5)and a
Gaussian distribution od; with FWHM A. The nonexpo-
nential shape of the model calculations was determined by

solvent (PC/EC) have reported non-exponential kinetics on the value of the ratioA / Eg, with A/Eg = 1.5 providing

timescales from<150 fs to tens or hundreds of picoseconds.

Multiexponential analyses of such data have resolved com-

ponents assigned to electron injection with lifetimes (relative
amplitudes) 0f<100fs (0.29), 1.0 ps (0.25) and 13 ps (0.46).

the best fit to the data. Using a value B of 100 meV,
typical of recent experimental observations, this yields a
value of A = 150 meV. This magnitude of inhomogeneous
broadening seems reasonable, being for example of similar
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Fig. 1. Comparison of experimental electron injection kineties) ( 08 -07 -06 -05 -04 -03 -02 -0.1

with model calculations (—) employing the inhomogeneous model
with (A/Ep) = 1.5. Data obtained from transient absorption data for
Ru(dcbpy)(NCS)/TIO; films (+) covered in PC/EC (reproduced from i 5 comparison of the electrical potential dependence of the half
[26)). time for electron injectiontsge, observed experimentally) with that
calculated from non-adiabatic electron transfer theory as giveagoy(3)
(®). Experimental data were obtained for a Ru(dcbYLS), sensitised

magnitude to the energetic distribution of chlorin radical TiO2 film in an MeCN/tetrabutyl ammonium perchlorate electrolyte. The
pairs reported for photosynthetic reaction cen{%;30] best fit to the experimental data, as shoW) fyielded fitting parameters
The energetic distribution observed in such pigment/protein ;)rfoﬁm[;];OJSi0.0SVVS. AgiAgCl and. = 0.25:0.05eV (reproduced
complexes has also been attributed to inhomogeneities in
the charge environment of individual pigments due to pro- S ) ) ]
tonation/deprotonation of neighbouring groups (in this case fOr €lectron injectionteoy) upon applied bias. It is apparent
amino acids rather than surface bound hydroxyl groups). thaF the apphc_:qtmq of n_ega_tlve potentials results in a retar-
Furthermore we have recently found experimental evidence dation of the injection kinetics by up to a factor 25. Model
for a similar inhomogeneous broadening in a study of the c@lculations employingg. (3)were found not be sensitive
dye cation re-reductiorkieg) employing a series of organic  © the value ofEo employed forEp > 100 meV. Such cal-
hole conductor§31]. This study was based on experimen- culations provided a good fit to the experimental data, as
tal measurement of the hole transfer yield from the dye shown inFig. 2, with a value for the reorganisational energy
cation to the hole conductor as a function of dye and hole A =025+ 0'95 ev. ] ]
conductor oxidation/ionisation potentials, and thereby as a !N conclusion, we find that both the non-exponential
function of reaction free energy. The experimental data were Nature of the electron injection dynamics observed for
found be inconsistent with simple homogeneous equilib- RU(ACbpy2(NCS)/TIO films, and their dependence upon
rium model, but consistent with an inhomogeneous model electrode Fermi level, are consistent with non—adllabatlc
with A = 0.4eV. This study provides further evidence for electrqn transfgr theory, at least under the experimental
significant energetic inhomogeneties at the Fiye/hole  Cconditions studied.
conductor interface, an issue we return t&ction 4when
we address fundamental limitations to device optimisation. 2-4. Recombination dynamics

Following Eq. (3) the rate of electron injection is expected
to be retarded as the Fermi level of the Fi@® raised, due Following electron injection into the Tigfilm, the re-
to the acceptor states for electron injection become increas-sulting charge separated stdd ey, is remarkably stable,
ingly occupied.Fig. 2 shows a comparison of experimen- &S illustrated irFig. 3. Under the same experimental condi-
tal data with model calculations addressing this isg83. tions as those employed Fig. 1, the half time for charge
Data were collected in a three electrode photoelectrochem-recombinationteos) is 0.4 ms. As for the injection kinetics,
cial cell, in which the sensitised film comprised the working the recombination kinetics are non-exponential. They can be
electrode. Modulation of the potential applied to this elec- reasonably fit to a stretched exponential:
trode relative to the Ag/AgCI reference electrode results in e
modulation of the Ti@ Fermi level. In these experiments,a AOD « exp(— (—) >
full kinetic analysis of the injection dynamics was not possi-
ble as sufficient signal averaging was prevented by the lim- as illustrated inFig. 3. Values ofa obtained from such fits
ited stability of the sensitiser dye at negative potentials. Our range from 0.25 to 0.5 dependent upon the electrolyte em-
analysis is therefore limited to consideration of the half time ployed.

Applied Voltage vs Ag|AgCl

(7)
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Fig. 3. Charge recombination dynamics for Ru(dcb¥CS)/TiO> films

covered in PC/EC, monitored by the decay of the dye cation absorption Fig. 4. Plot of the electron densityeo] against the half time for

band at 800nm. The smooth line is the best fit to the data employing charge recombinatiotsgy, observed for a Ru(dcbpyNCS) sensitised

a stretched exponentiak(. (7)), with fit parameters of = 0.9 ms and TiO; film in an ethanol/tetrabutyl ammonium perchlorate electrolyte. The

a = 0.5 (adapted fron{13]). electron density was modulated by varying the potential applied to the
TiO, electrode in a three electrode photoelectrochemical cell. Electron
densities were determined spectroelectrochemically in the absence of

Following Eq. (2) the recombination dynamics are ex- absorbe_d dyes. Recombination half times were determined by transient
pected to be first order in electron density,f]. Experi- absorption spectroscopy (adapted fr{s, 33).
mental studies have indeed confirmed a strong dependence
of the recombination dynamics upon electron deng3gj. eyo in TiO2. It is apparent thatsos, exhibits a power law
Stud|es_|n which @{_,\_,lo] was mgreased by the applu_:atlon_of dependence uporj:
a negative potential to the TiCelectrode resulted in rapid
acceleration of the recombination kinetics. Shifting the ap- r5q0, [e&o]_ﬂ (8)
plied potential fromH-0.1V versus Ag/AgCl to-0.8V re-
sulted in an acceleration of recombination half tirtggs, whereg = 2—4 dependent upon electrolyte employed. This
by ~10° from 1 ms to~3 ps. Similarly studies conducted at behaviour is clearly inconsistent with a simple rate law first
a constant applied potential, but in whici,[,] was mod- ~ order in feyo].
ulated by employing different electrolyte solutions to vary It has recently been shown that these experimental ob-
g(E), resulted in variations ifsgo, by up to 16. However servations are consistent with a model in which the recom-
these dependencies are too large to be consistent with a firsbination process is primarily controlled not by the rate of
order dependence ¢fo9 UPON fyo]. The lower limit for interfacial electron transfer as expressedduy (3) but by
[eyo] in these experiments, observed for example at posi- the dynamics of electron transport within the Il_électrodg
tive applied potentials, is the electron density generated by[33,34} The model, developed from the continuous time
the laser pulse, corresponding to approximately one electronfandom walk model of Scher and Montrg85], is based
per nanoparticle. A linear dependence of recombination rateUPOn & random walk of electron between an energetic dis-
upon electron density would therefore require electron den- tribution of trap sites in the film. Each step of the random
sities of up to 18 per nanoparticle, which is clearly implau- walk requires thermal excitation of the trapped electron up
sible. We further note that as the recombination process ist0 the conduction band, and therefore is dependent upon the
thought to occur in the Marcus inverted region G| > 1), trap depth. The non-linear dependence of the recombination
amore detailed consideration employing non-adiabatic elec- kinetics upon ¢, results from the increased mobility of
tron transfer theory would result in a sub-linear dependence the electrons as the film Fermi level is raised, as increas-
of tse6 UPON fey;], i even greater contrast with the experi- meg_shaIIow trap become occ.up|ed. The model furthermqre
mental observations, and clearly indicating that the observedPredicts that, for an exponential density of states, the fitting
dependence of the recombination dynamics upon the FermiParameters andg of Egs. (7) and (8pbtained from analy-
level of the TiQ electrode can not be explained in terms of S€S of experimental data for different electrolytes should be

non-adiabatic electron transfer theory. related by:
Fig. 4 shows a quantitative analysis of the dependence of 1
the half time for charge recombinatiotag, upon electron a= B (9)

density y,ol. For this plot, ky,5] was determined inde-

pendently by spectroelectrochemical studies of steady stateThis correlation is in good agreement with experimental ob-
film optical density as a function of applied potential, em- servations for a range of different electrolytes, providing
ploying the characteristic ¥t absorption associated with  further support for the validity of this mod§82,33]
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2.5. A model of interfacial electron transfer dynamics

A model of the interfacial dynamics for dye sensitised ‘ ‘ ‘ ‘
nanocrystalline Ti@ films consistent with the experimental 10° 10* 10° 10° 10" 10°
observations discussed above is illustratelim 5. Follow- Time (secs)
ing optical excitation of the Ru(dcbpyNCS) sensitiser 1
dye, an electron is injected from the dye excited state into 3 2)
acceptor states of the semiconductor. The non-exponential
kinetics observed for this process, and their dependence
upon TiQ Fermi level, are consistent with non-adiabatic
electron transfer theory. The injection proceeds primarily on
timescales slower than relaxation of the dye excited state.
The half-time for electron injection is, in the absence of
applied bias,~0.4ps, although the injection kinetics are
non-exponential, with a significant proportion occurring on
timescales >100 ps.

Following electron injection, the electron relaxes to lo- Fig. 6. Transient absorption data monitoring charge recombination dy-
calised sub-band gap states associated with |oca|is'§'d Ti namics for TiQ films sensitised with dye 1 and dye 2 (structures shown
formation. Subsequent charge recombination requires ther-" UPPer (2)). Both figures are the same data, with (b) being a lin/log plot

. . . . and (c) being a log/lin plot. The black lines are the fits to the decay kinet-
mal det(applng_o_f this electron and mqtlpn through thezliO ¢ corresponding to (1) a stretched exponentisDD o expl—(t/°],
film until it sufficiently close to an oxidised dye molecule  — 0.31) and (2) a monoexponential decay (reproduced ff86j).
such that the direct electron transfer is possible. The re-
combination dynamics are controlled by the total density of

electrons in the film, with electrons injected by electrical stants for these two processes, either may limit the overall re-
bias and optical photoinjection yielding similar recombina- combination dynamics. The CTRW model discussed above
tion behaviour, indicating that the Inltla”y injected electron focuses on the electron transport dynamics and is therefore
does not appear to remain adjacent to or associated with itsyalid in the limit when the interfacial electron transfer step
corresponding dye cation. The electron motion within the s fast relative to the transport dynamics. We have recently
TiOz film can be well described by the CTRW model, cor-  demonstrated36] that, by suitable design of the sensitiser
responding to anomalous diffusion of electrons through an dye, it is possible to move from this transport limited regime
energetic distribution of trap sit¢83]. to a regime in which the recombination dynamics are lim-
ited by the electron transfer step, as illustrateéim. 6. By
2.6. Transport versus interfacial electron transfer limited  employing a triphenyl amine substituted porphyrin dye, we
recombination dynamics were able to retard the interfacial electron transfer step suf-
ficiently such that this step rate limits the overall charge re-
As illustrated inFig. 5, the charge recombination dynam- combination process. As a consequence, the temporal shape
ics observed following pulsed laser excitation may be de- of the recombination dynamics exhibits a transition from the
scribed by two distinct processes, electron transport throughstretched exponential behaviour assigned above to transport
the TiQ, particles to a location adjacent to the dye cation, limited recombination, to a monoexponential decay consis-
and then an interfacial electron transfer step from the;TiO tent with pseudo first order behaviour followigg. (2)with
to the dye. In principle, depending upon the relative rate con- [ey,o] > [DT].

0))

mAO.D a.u

1.0x10™" 2.0x10" 3.0x10™" 4.0x10™
Time (secs)



J.R. Durrant et al./Coordination Chemistry Reviews 248 (2004) 1247-1257 1253

More recently we have also shown similar transitions recent ‘two level system’ analysis of molecular cqi4].
between stretched exponential, transport limited recombina-Given that for Ru(dcbpgNCS), the excited state decay dy-
tion to monoexponential, interfacial electron transfer limited namics are 10-50 ns, optimum injection dynamics will most
recombination for a range of other experimental systems, probably be on the timescale of 100 ps to 1 ns. As such ul-
including electron transfer from TiOto the iodine/iodide trafast (sub-picosecond) injection dynamics are ‘kinetically
redox couple[37], and interfacial charge recombination redundant’, and indeed an indicator of a poorly optimised
through metal oxide barrier layers. system.

In practice, optimisation of DSSC is at present a largely
empirical process, often based on iterative changes in the de-

3. Controal of the interfacial dynamics vice composition and fabrication procedures. Such attempts
at device optimisation typically find an inverse correlation
3.1. Kinetic redundancy between the device short circuit current and open circuit

voltage, with improvements in one tending to be at the ex-

Efficient device operation requires the photogeneration of pense of the other. This inverse correlation can be readily
a high yield of a long lived interfacial charge separated state. rationalised, at least qualitatively, in terms of the analysis
Such light driven charge separation dynamics have been ex-discussed above, with minimisation of the recombination dy-
tensively studied in homogeneous supramolecular structurespamics resulting in increased open circuit voltage, but at the
such as donor/acceptor diads suspended in sol[8&0] expense of slower charge separation dynamics and therefore
Such studies have shown that the dynamics of charge separashort circuit current.
tion and recombination are closely related, with for example
modulation of the electronic coupling between the donor and 3.2. Influence of dye protonation on the injection kinetics
acceptor having equal effects upon both the charge separa-
tion and recombination dynamics. Moreover variation of the ~ We first of all exemplify the concept of kinetic redun-
energetics of charge separation results in modulation of notdancy by comparison of the electron injection dynamics
only the charge separation dynamics, but also modulation of observed for nanocrystalline Tifilms sensitised by the
recombination dynamics both to the diad ground and excited fully protonated version of Ru(dcbpy(NCS), dye (often
states. Optimisation of diad performance therefore requiresreferred to as ‘N3’) and its di-tetrabutyl ammonium salt
careful consideration of all reaction dynamics, with for ex- (TBA)2Ru(dcbpy»(NCS) (often referred to as ‘N719’). Ki-
ample ‘optimised’ electronic coupling being a compromise netic studies of electron injection, as discusseSiantion 2.2
between it being sufficiently large such that charge sepa-above, have largely employed the fully protonated dye N3.
ration competes effectively with excited state decay, whilst However in functioning devices, the N719 dye has been
being sufficiently small to minimise charge recombination. found to give a higher device open circuit voltage, partially

The considerations employed in this analysis of molec- offset by a lower short circuit current, and overall superior
ular diads can be applied to the dye sensitised,Titer- device efficiency. This difference in performance has been
face. In this case the system is more complex due to theattributed to the influence of dye protonation upon the ener-
band of electron acceptor states in the Fi@ssulting in getics of the TiQ conduction band, with the less protonated
more complex relationships between the reaction dynamicsN719 dye resulting in a more negative conduction band edge,
and their corresponding electronic coupling and energetics,and thereby a high open circuit voltaf2].
as discussed iBection 3 Not withstanding this more com- We have compared the kinetics of electron injection for
plex behaviour, the conclusion remains the same—namelythe N719 and N3 sensitiser dyes adsorbed to nanocrys-
that the dynamics of electron injection and recombination talline TiO, films, as shown inFig. 7. It is apparent that
are closely related, and that, without the introduction of the di-TBA salt N719 exhibits electron injection dynamics
secondary electron transfer steps, any attempt to modulate30 fold slower than the fully protonated N3 dye. This re-
one process will invariably modulate both. In practice for tardation is consistent with the expected influence of dye
DSSC, it is critical to minimise charge recombination dy- protonation on the Ti@electron acceptor state energetics,
namics both to the oxidised dyes and to the redox couple and consistent with a recent study of injection dynamics as
in the electrolyte. It follows from the arguments above that a function of the pH environment of the filf25]. In the
attempts to minimise this recombination will typically also context of ‘kinetic redundancy’ it is noteworthy that the dye
impact on the charge separation dynamics. Device optimi- yielding the slower injection dynamics yields the more ef-
sation therefore requires optimisation of the system such asficient overall device performance. For both dyes the injec-
to minimise the recombination dynamics whilst maintain- tion dynamics remain fast relative to excited state decay to
ing electron injection dynamics which are just sufficient to ground, such that the 30-fold retardation has only a marginal
achieve a high yield of charge separation. In this context, effect upon the yield of electron injection. More important
an optimised device will most probably not exhibit ultra- for device function is the concomitant effect on the recom-
fast injection dynamics, but rather only injection dynamics bination dynamics, with the lower film protonation reducing
fast compared with excited state decay, in agreement with athe film electron density at a given cell potential, thereby
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) [ e tion and sintering at 500C while Kay and Gratze[50]
&f‘i @ﬁﬁf@ﬁ% improved the efficiency of SnObased solar cells with
NS different metal oxide barrier layers such ag0§.
A We have developed a surface hydrolysis process based
olr Qiz w on stepwise adsorption of metal alkoxides to achieve the
g ; 20‘5 | # conformal growth of metal oxide blocking layefs1,52]
: O:O ! In this technique, the metal alkoxide is chemisorbed on a
0 ped 0 = 3 . 5 hydroxylated TiQ nanoporous metal oxide film, washed
- - - ps in adequate solvents and then either heated at high tem-
0 100 200 300 perature or water rinsed to achieve complete hydrolysis of
Time / ps the precursor and form the insulator layer, as illustrated in

) ) S ) Fig. 8 The TiG, films were immersed by dipping each film
Fig. 7. Transient absorption kinetics for nanocrystaliine Tlms sen- 4% <o1tion of suitable precursors, followed by sintering
sitised by the fully protonated dye N3 (open circles) and its di-TBA salt . .
N719 (filled circles). Data was collected at probe wavelength of 760 nm at 450°C for 20 min in order to Complete the hydrc’IyS'S-
employing excitation at 595nm. The samples were covered in PC/EC. Fig. 9 illustrates HRTEM images of Ti® nanoparticles
The inset shows an expansion of the data at early times (reproduced frombefore and after depositing an &3 overlayer, indicating
[18]). a control over the conformal growth of the 85 obtain-

ing a film thickness of & 1 A. The overlayer thickness is
reducing recombination losses and increasing the cell opendependent upon the precursor concentration in the dipping

circuit potential. solution, but largely independent of the dipping time and
temperature. Overlayer thickness could readily be increased
3.3. Metal oxide blocking layers by repeating their dipping/sintering cycle.

The primary function of such conformal growth of block-

One approach to modulating the electronic coupling ing layers in DSSC is to increase the physical separation
between the TiQ and the sensitiser dye is to introduce of injected electrons and oxidized dye, thereby retarding
metal oxide barriers layers between these two species. Sevthe recombination reactions. Such conformal coating film
eral groups have reported approaches to the deposition ofare analogous to binary core/shell nanopartifi@3, where
such conformal blocking layers. As some examples, Ten- electronically insulating shell layers are grown on nanopar-
nakone and co-workers have reported the preparation ofticles in solution to shield the core material of the nanoparti-
MgO-coated Sn@ films by the hydrolysis of magnesium cles from the external environment. However for the DSSC,
acetate using high temperatures or by the use of metalit is preferable that the coating is conducted conformally
chlorides such as AlGlto fabricate AbOs coated Sn@ upon the preformed metal oxide film; the fabrication of films
photoelectrodeqd43-47] Zaban and co-worker$48,49] from pre-coated core/shell nanoparticles can be expected
prepared a NfOs coated TiQ film under argon-controlled  to result in insulating barriers between the nanoparticles,
atmosphere using 2-propanol niobium isopropoxide solu- impeding efficient electron transport through the film. We

Hydrolysis
Metal alkoxide (M{O"R), ) at 450 °C under air

Adsorption

Drying ‘. «—— Metal Oxide

at room temperature Blocking Layer
2

Fig. 8. lllustration of the coating process. A typical dipping procedure involves immersion of thefiliDin 15 mM ethanolic solution of the alkoxide
for 10 min at room temperature.
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— 10nm —2nm Fig. 10. Transient absorption data monitoring photoinduced absorption
of the Rulp(NCS), cation following optical excitation of this dye ad-
sorbed on nanoporous: (a) TO(b) Al,O3/TiO2; (c) SiG,/TiO2; and

(d) ZrO,/TiO2 photoelectrodes. The signal decay is assigned to charge
recombination of the dye cation with electrons in trap/conduction band
states of the Ti@ semiconductor. Optical excitation was at 630 nm, and
detection at 800 nm (reproduced frd&e]).

Fig. 9. HRTEMs of TiQ nanopatrticles in presence (a, b) and absence (c,
d) of an ALO3 overlayer. The AIO3 overlayer was grown conformally
on a preformed nanocrystalline TiOThis film, and the uncoated control,
was then broken up to a powder to allow HRTEM analysis. Pictures
(b) and (d) are at high magnification. Image (a) clearly illustrates the
Al,03 overlayer (apparent as a white line) conformally coating each TiO
nanoparticle. Image (b) indicates a overlayer thickness oft90@0 A nm

(reproduced fron52]). applied bias, their behaviour under external bias control is

very distinct, as shown iRig. 4. At positive applied biases,
furthermore note that such blocking layers will also retard both AlbO3 and SiQ overlayers resulted in a approxi-
the desired interfacial charge separation reaction, althoughmately two-fold retardation of the recombination dynamics,
due the ‘kinetic redundancy’ discussed above, a modest re-consistent with the data shown kig. 11 However, under
duction in the charge separation dynamics can be achievedhegative bias, the AD3 coated film exhibits only weak de-
without loss of charge separation yield and therefore de- pendence of the recombination dynamics upon applied bias.
vice efficiency. Careful control of blocking layer thickness
is therefore essential to allow optimum retardation of the re-
combination dynamics, whilst retaining a yield of photoin- 1 —
duced electron injection. —e o0

Fig. 10 shows typical transient absorption spectroscopy 3.0 / /-_-_.

data for TiQ films coated with three different metal oxide
overlayers and then sensitised with the N719 dye. It is ap-
parent that overlayers of ZEDAI,O3 and SiQ all result in
significant retardation of the recombination dynamics rel-
ative to the uncoated control, consistent with the expected
blocking layer function of these materials. It is further- .
more apparent that the electron injection yield, monitored | /0

by the initial amplitude of the cation absorption signal, is -/'

essentially unaffected by these overlayers. Increasing the

overlayer thickness by repeating the dipping cycle resulted ~ "*°™ g3 06 -04 02 00 02
in further retardation of the recombination dynamics, but at
the expense of a loss of the initial dye cation signal, and an
increase in dye photoluminescence, indicating that thicker Fig. 11. Dependence of the half time for charge recombinatigm,
overlayers result in a retardation of the electron injection upon applied bias (vs. a Ag/AgCI electrode reference) for RMCS)

dynamics to such an extent that they no longer compete Sensitized M) TiOz; (O) SIO,/TIOz; and @) Al205/TiO films. tsos
full ith d ited-state deda data obtained from transient absorption decays analogous to those shown
successiully wi ye exciied-state ec{ 9] in Fig. 10 collected as a function of applied bias in a three electrode

Whilst all three metal oxide overlayers resulted in re- photoelectrochemical cell with redox inactive electrolyte (reproduced from
tardation of the recombination dynamics in the absence of [52]).

-4.5

Log,, (Tso%)

Applied Bias (V)
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In contrast the Si@ coated film exhibits an enhanced bias Building further upon the analogy with molecular diads
dependence relative to the uncoated control, and for biasedliscussed ifsection 3it is well established that an attractive
<—0.3V actually exhibits faster recombination dynamics route to increasing the lifetime of a charge separated state
than the uncoated control. Correlation with chronoamper- while minimising any loss of yield or stored free energy
ometric studies indicates this behaviour can be rationalizedis the use of secondary electron donors and acceptors. As
in terms of the influence of the acid/base properties of such, optimum performance for molecular systems has been
the overlayer upon the electron density of the JFifdm, achieved by the use of pentads comprising a relay of five
with the more basic AlO3; overlayer serving to raise the redox speciefb4]. This strategy is of course also the basis of
TiO, conduction band, thereby minimising the increase in the electron transfer relays found in photosynthetic reaction
electron density and therefore the acceleration of the re-centres. The use of intermediate redox moieties is therefore
combination dynamics under negative biases. Overall, thea potentially attractive route to optimisation of DSSC. The
retardation of the recombination dynamics resulting from success of such strategies is however critically dependent
the AlbO3 overlayer results in a 50 mV increase in the cell upon retaining the spatial separation of the charges, in the
open circuit voltage and an increase to device efficiency by context of liquid electrolyte DSSCs such strategies may be
up to 35%. It can be concluded that such blocking layers of only limited applicability due to the pervasive diffusion
impact on device performance in two ways: as a physical of the iodide/tri-iodide redox couple.
barrier to increase the dye: TiGpatial separation and as On a more fundamental level, optimisation of the kinetics
a flat band determining treatment, modulating the electron and energetics of the interfacial electron transfer dynamics
density within the TiQ at a given film Fermi level. in DSSC can be achieved most efficiently for homogeneous
systems. Energetic inhomogeneities result in the need for
larger mean free energy differences to achieve high reac-
4. Concluding remarks tion yields. Similarly, in the context of kinetic competition,
non-exponential injection dynamics result in the need for
In this review we have addressed the parameters that playa faster mean injection time constant to achieve a high in-
an important role in influencing the charge separation and jection yield. As such the non-exponential dynamics and
recombination reactions in dye sensitised nanocrystalline ti- energetic inhomogeneities apparent in the experimental
tanium dioxide solar cells. We have then gone on to discussdata discussed above may provide significant limitations to
strategies that can be employed to optimise these dynamicslevice performance, and, unless removed, may ultimately
in dye sensitised solar cells. Optimum device function, and limit optimisation of the energy conversion efficiency of
specifically optimum device open circuit voltage, requires dye sensitised solar cells.
minimisation of interfacial charge recombination dynamics.
Such minimisation however typically results in retardation
of the charge separation dynamics, and if taken too far re- Acknowledgements
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