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The open-circuit voltage,) dependence on the illumination intensithq) under steady-state conditions in

both bare and coated (blocked) nanostructured, T@e-sensitized solar cells (DSSCs) is analyzed. This
analysis is based on a recently reported model [Bisquert, J.; Zaban, A.; SalvadoPHys. Chem. B002

106, 8774] which describes the rate of interfacial electron transfer from the conduction band ofoTiO
acceptor electrolyte levels (recombination). The model involves two possible mechanisms: (1) direct,
isoenergetic electron injection from the conduction band and (2) a two-step process involving inelastic electron

trapping by band-gap surface states and subsequent isoenergetic transfer of trapped electrons to electrolyte

levels. By considering the variation &, over a wide range of illumination intensities (20< ®, < 10'®
cm2s1), three major regions with different values ofg/d®d, can be distinguished and interpreted. At the
lower illumination intensities, recombination mainly involves localized band-gap, deep traps at about 0.6 eV
below the conduction band edge; at intermediate photon fluxes, recombination is apparently controlled by a
tail of shallow traps, while, for high enougl, values, conduction band states control the recombination
process. The highlb, region is characterized by a slope 0¥ dd log ®; = 60 mV, which indicates a
recombination of first order in the free electron concentration. The study, which was extended to different
solar cells, shows that the energy of the deep traps seems to be an intrinsic property of the nanostructured
TiO, material, while their concentration and also the dendily & 10'®—10'"° cm3) and distribution of
shallow traps, which strongly affects the shape of\evs @, curves, change from sample to sample and

are quite sensitive to the electrode preparation. The influence of the back-reaction of electrons from the
fluorine-doped tin oxide (FTO) conducting glass substrate with electrolyte tri-iodide ions dndhe &g

dependence characteristic of the DSSC is analyzed. It is concluded that this back-reaction route can be neglected,

even at low light intensities, when its rate (exchange current dengityvhich can vary over 4 orders of
magnitude depending on the type of FTO used, is low enojgh10 A cm~2). The comparison oY/, vs
®d, measurements corresponding to different DSSCs with and without blocking of the &&Qrolyte contact
supports this conclusion.

1. Introduction DSSC is to keep the recombination rate of photogenerated

Nanostructured Ti@dye-sensitized solar cellDSSCs) have ~ carriers at a low level. The objective of this paper is to gain a
been proven to be efficient photoelectrochemical devices for Petter understanding of the recombination mechanism, which,
the conversion of solar energy into electricity. In DSSCs, the On the other hand, constitutes a major requirement for improving
visible light absorber is a monolayer of organic dye molecules the efficiency of DSSCs.
covering the internal surface of the nanostructured photoelec- Excluding electron transfer processes at the fluorine-doped
trode. Photoexcited electrons at dye molecules are efficiently tin oxide (FTO) substrateelectrolyte interface, recombination
injected into the conduction band (cb) of the semiconductor. processes in DSSCs involve different interfacial electron transfer
On the other hand, the liquid electrolyte, which makes an mechanisms with the participation of a wide distribution of band-
excellent contact to the light absorber, allows regeneration of gap surface states (ss). Figure 1 shows several of the recombina-
the oxidized dye by electron transfer from reduced, electrolyte tion pathways considered by the model. Photoinjected electrons
dissolved ions. Finally, electrons and holes, which are separated(A), after being transported to the semiconductor (sc) surface
at the TiQ—electrolyte interface, are transported through a (B), may be transferred to empty electrolyte levels, either
network of nanosized channels toward the DSSC electrical, outerdirectly from the cb (isoenergetic process) (C), through ss via
contacts so that a photocurrent is obtained. intermediate trapping events (D), or by a combination of both

As in other photovoltaic solar cells, a major requirement for processes. Although the existence of a large number of ss is
high efficiency of photon to electrical energy conversion in a commonly accepted, their distribution in the gap is still under
discussion. The two possibilities presented in Figure 1, deep,
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a detailed modélwhich describes in a general way tkig. on
@, dependence that results from the various interfacial mech-
anisms shown in Figure 1. Here, this model is used in order to
describe the experimental steady-stetgdo) characteristics
of DSSCs. Our aim is to be able to discriminate the general
mechanisms involved in interfacial electron transfer recombina-
tion at DSSCs, as the quasi-Fermi level moves frigfp =
Eredox (Voc & 0 V), under equilibrium conditions, to the maxi-
mum photovoltage;-0.7 V, which is obtained whefkz, ap-
proaches the Ti@conduction band edge. For this purpose, we
have used both our own measurementd/g{®o) and those
reported in the literature over a wide range\gf values’ We
show here that the three recombination pathways indicated in
! Figure 1 are involved in the different DSSCs investigated. Re-
DOS TiO, / combination mechanisms via the FTO substrate were shown to
5 be irrelevant to the steady-stalg(®g) characteristics of our
Figure 1. Schematic representation according to the model presented DSSC. This new perception allows us to explain the different

here of the steps involved in the in-parallel recombination process parts of theV,(®g) curves that can be discerned with the naked
between electrons photoinjected in the 7&b and oxidized electrolyte  aye

species. Erg) shows the position of the Fermi level in the dark, . . .
equilibrated with the electrolyte redox potenti@oy). (Ef,) is the The previous theoretical modéfas been complemented with

quasi-Fermi level of electrons under illumination, aig is the more complete expressions when required. The fittiny/gf
conduction band energy. The following steps are indicated: (A) (o) measurements has allowed us to derive the, p@ameters
photoinjection; (B) electron transport; (C) electron transfer through the involved in the recombination processes as well as to discrimi-
conduction band; (D) capture by surface states; (F) capture by localized, nate those parameters depending on;Fi@paration conditions

band-gap deep traps; and (G) capture by an exponential distribution of from those depending on surface treatment methods. These

shallow band-gap surface states. On the left side, we show the density: . .: : P ) :
of electronic states (DOS) in the Ti@anoparticles and, on the right insights provide new tools for tailoring DSSCs' properties.

side, the fluctuating energy levels of oxidized species in solution ~ This paper is composed of several parts. The main text
according to the Gerischer modé&lThe in-parallel recombination ~ constitutes the application of a general model focused on the
process via the FTO substrate is considered in Appendix 3. recombination mechanisms at the Fi€electrolyte interface,
given in ref 5, to the experimental results. Calculations of the
ally only one type of these ss is considered, both of them may photovoltage dependence on the illumination light intensity in
coexist. Bulk traps at Ti@nanoparticles must also be consid- specific cases are presented in Appendixes 1 and 2. Furthermore,
ered, but while they affect the measured lifetime, their contribu- when this work was first submitted fthe Journal of Physical
tion to recombination processes under steady-state measurementShemistryin September 2003, it was suggested by the reviewers
can be omitted. that the role of the conducting glass substrate in the back-
The model of Figure 1 shows several recombination pathways reaction of electrons with tri-iodide electrolyte ions cannot be
in parallel which depend heavily on the occupancy of band- neglected when considering the intensity dependence of the
gap ss. Moreover, the rate of electron transfer to the electrolyte photovoltage of DSSCs where the FF@lectrolyte contact has
depends on the energy match of ss with electrolyte acceptornot been blocked. This point, which has been recently contem-
levels. Therefore, under steady-state conditions, recombinationplated by Cameron et dl.is considered in Appendix 3, where
pathways in DSSCs may vary considerably, depending basicallywe demonstrate that the back-reaction of electrons from the
on the TiQ, cb free electron density. substrate with dissolved tri-iodide ions can be frequently
The essential parameter determiningnder illumination con-  ignored, even in DSSCs with uncoated FTO, insofar as the rate
ditions is the quasi-Fermi leveE?,. On one hand, the value of of this reaction for FTO substrates is much lower than the back-

n determines the occupancy of band-gap ss at the steady statg€action rate of electrons from surface states (traps) acting as
so that the net rate of recombination is a functiorEgf. On r_ecomblnatlon Qen'_[(?PsThls J_ust|f|es our e_xperlmental observa-
the other handEf, constitutes a measurement of the open-cir- tion that no significant dlffe_ren_ce exists _between .

cuit voltage Vo.. Under open-circuit conditions, the photogener- dependence ofo of a DSSC with its conducting substrate bare
ation rate, which depends on the illumination intensiby, is or coated.

balanced by the recombination rate, so that the type of recom-
bination mechanism can be inferred from tig dependence

on @q. For example, in the recombination pathway-G of All chemicals were purchased from Aldrich Chemical Co.
Figure 1, which involves localized, band-gap deep traps, the and used as received. Nanosized Fi€uspensions were
rate trapping process D may be writterras kn, in terms of a synthesized using a titanium tetraisopropoxide precursor. In
rate constark and of the free electrons concentratiorfsee eq brief, the titanium tetraisopropoxide dissolved at a 1:1 ratio in
9). As full occupancy is approacheklbecomes progressively  2-propanol was hydrolyzed by acetic acid at pH 2 under rigorous
smaller due to the shortage of vacant defects to accept electronsstirring. After this solution was aged overnight, the 2-propanol
Therefore, in order to maintain the generatisacombination ~ Was evaporated at 8Z and the suspension was autoclaved at
balance, a small increase @f involves a substantial raise of 250°C for 13 h, resulting in 20 nm crystals.

so thatV, raises suddenly. The experimental observation of this A conducting glass substrate, @/square F-doped SnpO
sudden increase &, which is reported and discussed below, (Libby Owens Ford), was cleaned with soap, rinsed with
allows the recognition of the involvement of localized, band- deionized water (18.2 K2), and dried in an air stream. The
gap deep traps in the recombination pathway taking place in theTiO, suspension was spread on the conducting substrate with a
range of low illumination intensities. We have recently presented glass rod, using pieces of adhesive tape as spacers. After the

electron energy

2. Experimental Section
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films were dried under ambient conditions, they were sintered
in air at 450°C for 30 min. The TiQ film’s thickness, measured
with a profilometer (Mitutoyo Co., Sueftest SV 500), wagr8.

To avoid electrochemical reactions via the exposed surface of
the FTO, the possible pinholes (FTO areas uncovered with) TiO
were electrochemically blocked with an isolating polyphenoxide
(PPO) polymer thin layer. The electrochemical deposition was
performed at high enough positive potentials so that,TigD

not coated. A mixture of 85 mmol of phenol, 85 mmol of tetra-
butylammonium hydroxide (TBAOH), and 40 mmol of LiClO

in 25 mL of dry ethanol was used as the electrolyte solution
for the electrodeposition of isolating phenol on the conducting
glass that supports the nanoporous JiThe electrodeposition
was conducted in a three-electrode electrochemical cell using
Ag/AgCI as the reference electrode and Pt wire as the counter
electrode. The potential of the nanoporous Ji®orking
electrode was scanned at 10 m\ etween 0 and-0.8 V vs
Ag/AgCl up to 10 times, while the blocking of the substrate
was reflected in the decrease of the polymerization current.

The electrodes were sensitized with the N3 dges-{li-
(isothiocyanato)-bis(4,4-dicarboxy-2,2-bipyridine) ruthenium-
(0] (Solaronic SA Co.). For dye adsorption, the electrodes were
immersed overnight in a 0.5 mM solution of dye in absolute
ethanol. To avoid the presence of water, the films were heated
to 120°C before immersion in the dye solution.

A sandwich type configuration was employed to measure the
performance of the dye-sensitized solar cell, using a F-doped
SnG film coated with Pt as a counter electrode. The electrolyte
solution consisted of 0.5 M Lil, 0.05 MyJand 2.7 mM 4tert-
butylpyridine (TBP) in a 1:1 ratio with acetonitrile-3-methyl-
2-oxazolidinone (NMO). The open-circuit photovoltage was
recorded using an Ecochemie potentiostat.

lllumination of the cell was performed with a 150 W Xe lamp
using a KG3 filter to limit the illumination to the spectrum rele-
vant to the dye-sensitized cell. Light intensity was measured
with a calibrated photodiode (UDT Sensors Inc.) by considering
the emission lamp spectrum in the experimental range used
(400-750 nm). Light intensity was controlled by placing neutral
density filters in the illumination path. The short exposure of the
cell to the illumination beam and the use of various filters that
limit the illumination to the 386-800 nm range ensured that the
cell temperature was maintained at a practically constant value.

3. Results and Discussion
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Figure 2. Experimental photon flux dependence of the photovoltage
obtained under steady-state, open-circuit conditions of the DSSC both
bare @) and coated with a blocking PPO polymer thin layll) (see
Experimental Section). The arrow indicates the inflection\4fl log

®, at low enoughb,. Also shown is the best fitting of the experimental
data according to our recombination model, which combines interfacial
electron transfer to oxidized electrolyte species from (a) cb states,
according to eq 4, fof = 1 (Ue(Voo); (b) localized, band-gap deep
traps, according to eq 1®8)¢s {Voo)); and (c) an exponential distribution

of band-gap ss just belo®;, according to eq 19Uss{Voo)). The full

line ®¢(Vo) is the result of considering simultaneously the three
recombination pathwaysJgs {Voc) + Uss{Voc) + Uer(Voc)). Common
fitting parameters:oo = 3 x 10 cm ™, d = 3 x 1074 cm, E; — Eredox
=0.7eV,A = 0.6 eV,00v = 1.6 x 107%n?® s7%, Cox/Crea = 1072, and

Ne = 4 x 10%° cm 3. Exclusive fitting parameters: (i’ =8 x 1071

s (b)N=29x 10%cm 3, ex=5x 1025, geg= 2.2 x 1071

s Eox— E:=0.52 V,A=2.37 s, andE; — Egox= 0.075 eV; (c)

Aox = Aea =5 5%, o = 0.3, and®; = 8 x 10Y cm 3. It must be
stated that, according to the definition of the demarcation level (the
energy level at whicle, = & andf ~ 1/,),% Eq & Ereqox + KT l0g(2e5x/

&), and in our casesy & Eredox This means that the filling factd¢E)

for the exponential distribution of ss is described by the Fetlifac
statistics around the quasi-Fermi levef,, so that a good approach
for the recombination rateg, is that given by eq 18.

Three well-defined regions can be distinguished in the steady-
stateVyc vs @ plots of Figure 2: (a) for values aby between
10 and 2x 10" cm2s71, dVodd log @ increases monotoni-
cally from ~10 to~230 mV; (b) from~2 x 10 cm—2s1up
to~2 x 10" cm2s71, dV,d/d log @, starts to decrease to reach
a constant value of120 mV; (c) finally, for®q > 2 x 10%
cm~2s71, the slope o/, vs ®( decreases again to a value near
60 mV. Similar behavior has been observed by Fisher ét al.

Figure 2 shows the experimental photovoltage dependenceEspecially interesting is the fact thdi. appears to depend line-

on @ of the TiO, DSSC previously described. To study the
influence of recombination mechanisms via the FTO substrate,
the steady-stat®,. dependence o, of the bare electrode
was compared with that corresponding to a DSSC coated with
a thin blocking PPO layer; no significant differences were
observed. This result apparently contradicts those recently
obtained by Cameron and Péteroncerning transient/c

arly on log @, for ®q values varying over about 2 orders of
magnitude in the intermediate high intensity range!{t0 ®q

> 102 cm2 s1). An analogous linear dependence has been
described by Schlichtbet al® However, the values of\¢,/d

log @, found by Fisher et al.and Schlichtiid et al? in this
linear range are about 8®0 mV, which contrasts with the slope
of 120 mV found by us. In the apparent absence of direct evi-

measurements. According to these authors, blocking does notdence about the influence of recombination via the FTO sub-

apparently affect recombination in the hiyl. range, where
interfacial electron transfer at the Ti©electrolyte interface is
mediated by the distribution of shallow ss. In contrast, the
influence of blocking seems to be significant in the range of
low Vyc values, where recombination is mediated by deep, TiO

strate on the steady-state. dependence oo, we will assume
that recombination takes place mainly at the Fi@lectrolyte
interface. Therefore, the dependence\gt on ®y will be
analyzed in light of the recombination model we have recently
proposed.

traps. Moreover, the changes of the recombination time constant On the basis of the Gerischer model for weak electronic

inferred from transienV,. measurements, even with coated
electrodes, clearly indicate that the drastic slope changes
generally observed in steady-staig. vs ®o plots at low
illumination intensities are not a consequence of recombination

semiconductorelectrolyte interactio? we assume interfacial
electron transfer from the TiQo electrolyte energy levelss(l)

to take place isoenergetically with the participation of cb energy
levels and band-gap 8s.

via the FTO substrate but via deep, band-gap surface states at Under open-circuit conditions, the photovoltage is defined

the TiO,—electrolyte interface.

as the shift experienced by the Fermi level under illumination



15918 J. Phys. Chem. B, Vol. 109, No. 33, 2005

(Ef,) with respect to its value under equilibrium conditions in
the dark Ern = Eredoy

.k
_ EFn

oc

E

redox

Sonefl] ol ol o

whereN; is the effective density of cb electronic stat&s,is
the lower limit of the ch, aneh andng are the concentration of
cb free electrons under illumination conditions and at equilib-
rium in the dark, respectively.

3.1. Direct Recombination from cb StatesAt steady state,
under open-circuit conditions, the continuity equation for cb
free electron density takes the form

)

whereG represents the electron photogeneration rate, i.e., the
rate of injection of electrons into the cb from photoexcited dye
molecules G ~ n®o(1 — e d)/d, wherey (~1) is the photo-
injection efficiency o (~10° cm™1) is the absorption coefficient
of dye molecules, and is the absorbing Ti@film thickness),
and U, is the back-reaction rate of electrons from the ZiO
conduction band to the electrolyte; observe that, wibijecm—2
s71) represents the incident photon flux per unit of surface area,
G (cm~3s71) represents the photon flux absorbed per unit of vol-
ume G~ ad, for d < 3um, while G ~ ®g/d for d < 10um).

In general, for the case of nonlinear recombination, we have
that

by .
e’ — 1)) (3)
wheref' represents the reaction order in the concentration of

cb free electrons aneff; is the interfacial transfer frequency.
The combination of eqs-13 can be written as

Iog( + l)llﬂ’

b g
e®n we have that

_2.XKT
q

G
r/io’ ecb

0X

V,

oc

(4)

so that forU >

Vv _2.XT

oc

log(G)*" — log ne>*¥

and

av,

OC

dlog @, log @,

_ 2.3kT
B q

Equation 5 establishes a linear dependencé,pbn log ®q
for values of®g > (nﬁ )/;7(1 with a constant slope of (2.3/
A (KT/g) V. A maximum slope of (Mod/d log ®o) ~ 60 mV is
obtained fors’ = 1.

®)

Salvador et al.

S

electron energy

/
Redox electrolyte

TiO, semiconductor
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Figure 3. Energy diagram schematically showing isoenergetic inter-
facial electron transfer between both cb and band-gap surface states
and fluctuating energy levels of the electrolyte permeating semiconduc-
tor TiO, nanoparticles in a DSSC according to the Gerischer m§del.
(Ec: low energy level of the semiconductor conduction baggl. Fermi
level at equilibrium in the darkE: energy of band-gap s€redox
electrolyte redox energyEqs, Ered mMost probable energy levels for
oxidized and reduced electrolyte speciBsdox = Y2(Eox + Ered)). A:
reorganization energyr, r. net rate for electron trapping and
detrapping by sstoy, red: rate for interfacial electron transfer front
and back between ss and oxidized and reduced electrolyte species,
respectivelyro(cb), redcb): net rate for interfacial electron transfer,
front and back, between the cb and energy levels of oxidized and
reduced electrolyte species, respectively.)
authors, probably because in their experiments they did not reach
high enoughd, values.

3.2. Recombination Involving Band-Gap ss.Interfacial
electron transfer can take place in a two-step process involving
ss. In the first step, electrons are transferred inelastically from
cb states to ss (electron trapping process) at arfate the
second step, electrons trapped at ss are isoenergetically trans-
ferred, according to the Gerischer mo#fdp fluctuating energy
levels of oxidized, electrolyte dissolved species at a rate
As schematized in Figure 3, ss trapped electrons can also be
released back (detrapped) to the cb at amadad electroreduced
electrolyte species be reoxidized by isoenergetic transfer of
electrons to ss at a rateq Band-gap ss can be considered either
to have a unigue enerds'*~14 or to be distributed energetically
from E; along the band ga}5—2°

The interfacial electron transfer rate is obtained according to
the Marcus-Gerischer fluctuating energy model for weak
interaction between dissolved electron accepterspécies) and
the TiQ, surface> This model is not valid if the dissolved
electron acceptor is strongly adsorbed. Although the electro-
chemical behavior of iodine at the TiGurface in acetonitrile
is not known to the best of our knowledge, considering the polar
character of acetonitrile, it should interact with the T&Drface
more strongly than iodine, so that the application of the
Marcus-Gerischer model seems suitable. In principle, one could
test simple models for interfacial electrochemistry such as the

The experimental results of Figure 2, as well as those reportedButler—Volmer equation. However, in a separate paj3ewe

by Fisher et al.and Schlichtfid et al.? are clearly incompatible
with an interfacial electron transfer mechanism exclusively
involving cb states, g8' depends or,. Only for high enough
illumination intensities ©¢ = 2 x 10 cm™2 s71), a value of
(dVodd log @p) ~ 60 mV is obtained in Figure 2 and is,
therefore, compatible with a direct electron transfer mechanism
from cb states tosl” oxidized electrolyte species. This linear
behavior for’ = 1 in eq 4 has not been reported by other

have reported the remarkable finding that the electron lifetime
in a DSSC increases in a certain range of open-circuit voltages
when the driving force for recombination (i.e., the quasi-Fermi
level) increases. This behavior cannot be explained by a
monotonic dependence such as that predicted by the Butler
Volmer equation and is rather characteristic of the Marcus
inverted region. The results presented here are, in general,
consistent with the MarcusGerischer model.
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(a) Recombination Kinetics limlzing Monoenergetic sd.et
us consider a densiti; of ss with a unique energl;, as in
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Figure 3. The continuity equation under open-circuit conditions

0.4

then becomés

an

§=G—USS,1=G—rt+rr=0 (6)
If we denote the filling factor of ss as® f < 1, the density

of trapped electrons will be; = N, so that the balance equation

for the occupation of ss becomes

df

Nt&

=Tt Mg I~ Tox (7)

Under steady-state conditiongn(ot = of/ot = 0), eqs 6 and
7 lead to

G= Uss,1: My =T =Tox ~ Treg 8)
The rate of electron trapping by ss can be writteh as
re=N(1-"fe ©)

whereg = ogywn is the trapping frequencyof is the electron
capture cross section of traps amthe thermal velocity of cb
free electrons).

On the other hand, the detrapping rate is

r=Nfe, (10)

with the detrapping frequencg = Nev exp[(E: — Ec)/KT].
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Since the MarcusGerischer model involves a one-electron Figur((aj_4. PhothOf'tage dependence on _thle Iabsorbed P][““g” flux,
process and the iodideri-iodide system is a two-electron ~ 2¢cording to eq 13, for isoenergetic, interfacial electron transfer between
. . Ipcalized, band-gap deep traps and oxidized electrolyte species, for
process, it has been assumed that the rate-determining step Ofigtarent values of (3E: — Evedox N Ne€ess andey, (on = 1.6 x
the global recombination process is the initial steprle” < 109 cnm® slande = 3.13 s observe that, ag, &~ € andey > Geq
Is~.7 Therefore, it can be written tiHat the linear range o¥/,c vs @, takes place within the illumination range
Ni€ox > G > Ni€ed) and (b)Nig, ande; (Ec — Eredox= 1.2 €V,Ni€ox =
(E, — on)2 6.8 x 10 cm 2 s7%, andNgeg = 3.2 x 10° cm~3 s7%; observe that, as
- (11) €ox > €& andey > g the linear range 0¥, vs O, takes place within
42KT the illumination rangédNie,x > G > Ng,). Common parametersy; =
2.9 x 10%cm=3 N =4.0x 10 cm3, 1 = 0.6 eV,Ax = 2.37 s},
andE; — E; = 0.62 eV.

rox = Nife,, = NifFA, ex;{—
and

(Et - Ered)2

It is interesting to realize the existence of a linear stretch with
Mrea= N1 — Peeg= Ni(1 — HAq eX;{_ CAKT

a slope ¥,/d log ®o) ~ 60 mV in Figure 4. This behavior is
implicit in eq 13, which can be rewritten agn, = aG + b,
with @ = (€ox + &)/(Ni&(€ox + €ed) andb = eed€,((€ox +
e)/(eox + &ed — 1). Both forb = 0 and forG > b/a, niny ~
aG, so thatVye ~ 2.%T(log a + log G) and d/,J/d log ®g ~
60 mV. The conditiorb = 0 occurs when both; ~ g4 andeyy
> geqg and also wherg,x > &. In these casesyny ~ G/N&,
which means that fon > ny G must be greater thaN,e,, and
a linear stretch must appear in the plot\@t vs log G, within

(12)

whereAo (S1) = Acox andAved (S71) = AGeq, Eox andEeq are

the most probable energy levels for oxidizeg) @nd reduced
(I27) electrolyte species, respectively,is the reorganization
energy Eox — Ered = 24, see Figure 3), and (cm3s 1) is a
preexponential factor. The solution of rate eq 8 is described in
detail in Appendix 1, and the following result is obtained for
the relationship betweeY,. and G(®o):

KT [6xT &G+ NEeyg Eed the photon flux intervaNie,x > G > N, (see Figure 4b). On
Voc = q In e Ne,-G & (13) the other hand, foeyy > €eqande > ey, the conditionG >
0 trox 0 bla = (Ni€red€& — €red)/(€ox + &) becomess > Nigeq SO that

a linear dependence with slop¥gd log ®o ~ 60 mV appears
in the rangeNiesx > G > Nigeq (Se€ Figure 4a).

(b) Recombination Kinetics dolving a Distribution of Band-

A plot of Vo vs G from eq 13 is shown in Figure 4. It can
be seen that botW,. and d/,/d log G increase monotonically
with G. Moreover, asc — Niey (i.e., asf — 1), bothV, and
dVo(/d |Og G increase very rapid|y\(oc — oo), as outlined in Gap SsAn eXpOﬂential tail of band-gap ss near the cb (Figure
the Introduction. However, as the ss become filléd(1), 2) is a common property of amorphous semiconductors (sc's),
interfacial electron transfer from cb states becomes predominantwhich has also been invoked for explaining transport properties
so that, according to eq 3Vgy/d log G suddenly decreases to  in nanostructured Tielectrode$:'5-2° A typical exponential,

a constant value of 8/ not shown in Figure 4 (for details see continuous distribution of ss with concentratidiE) is, for
Figure 4 of ref 5). instance’!
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|
N\ kT
where®; represents the total volume density of staless a
characteristic temperature that defines the tail shape (broadening
of the exponential distribution, ared = T/T. (T is the absolute
temperature).

According to eq 8, the recombination rate under open-circuit
conditions becomés

6,
N(E) = T ex

c

(14)

U

ss27

G= [-N(EX(E) e (E) — [1 — f(B)leofE)} dE (15)

where the steady-state occupancy of each energy &),
varies between 0 and 1 and the electron transfer probabilities
ex(E) and ee{E), as in the case of eqs 11 and 12, have the
following Gaussian form:

(E— E,)°

eox(E) = on expg — W (16)
(E - Ered)2

erecKE) = Ared exy — KT (17)

According to the definition of the demarcation levi, (the
energy level whereeo,x = &),° those ss abovdsy can be
considered to be in thermal equilibrium with the ) is then
described by the quasi-Fermi leve, (i.e., only the ss below
Er, participate in the recombination process), so that eq 15
becomes

U 1 N(E) e, (E) dE

Eredox (18)

ss,2=
As we will show in sections 3.3 and 3.4, this approximation

is justified in our case, aBq ~ Eredgoxand, thereforeg/ey > 1

for E > Eredox Using this assumption, it is possible to transform
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Figure 5. Typical dependence o¥,. on the absorbed photon flux,
according to eq 19. (a) Linear scale @f (b) logarithmic scale of5
(Ec — Eeaox=0.9eV,1 =0.5eV,Ax=8s%, o' =0.27, andd; = 10*°
cm3). Observe that'\d,/d log G increases monotonically wit. More-
over, due to the Gaussian behavior of eq A2.3 (Appendix 2), an almost
linear dependence &f,c on log G appears within the range 0> G
> 10" cm 3 s7%, while, for G > 10° cm™3 s71, dV,J/d log G — oo.

1011 1013

for constant values df.x and®; produces a decrease ofgd/d
log G and an increase &, This tendency is reverted f@ >
10 cm=3 s71, in such a way that fo66 = 5 x 108 cm3s!
Voc becomes independent af. This is just the behavior pre-
dicted by eq 14, according to which an increaselofeads to

eq 18 into a closed expression by means of the quadraturean increase of the number of band-gap ss with enBrgy- E

procedure that is described in Appendix 2. The following explicit
dependence d¥,c on G, in terms of the error function and the
inverse error function, is found:
%
Vb

Figure 5a shows a plot of,c vs G according to eq 19, for
typical values of the intervening parameters. The corresponding
plot of Vo vs G in logarithmic scale is shown in Figure 5b. As
expected, for G= 0, Voc = 0 and d/,Jd log G scales up
monotonically withG. For small enough values & (G < 108
cm—3s1), dV,d/d log G increases slowly, although it increases
very rapidly (d/oJ/d log G — «) for G = 10" cm3 s L
Moreover, d/,/d log G appears apparently constant, ¥
depends linearly on lo@, in the range 1% > G > 104 cm™3
sL In this range, the Fermi level is at the maximum of the
combined density of states, i.e., atc2 above theE. level.
Indeed this is the behavior to be expected from eq A2.3 within
the photon flux intervaEox + 2Aa’ — 4.5(XTA)Y2 < G < Ey
+ 2.0’ — (2.%&TA)Y2, which depends on the electrolyte
parameter€ox and A and on the semiconductor parametér
It can be concluded, therefore, that the broadening of the
exponential distribution of sgy', is the only semiconductor
parameter which affects the slope of tig vs G plot. As can
be seen in Figure 6a fd& < 10 cm2 s71, an increase of’

Voo = Vb inverf[% erf +a (29)

> E.. On the other hand, an increasentfinvolves an increase
of dN\i(E)/dE, so that according to eq 18, for constant values of
G andeyy, Voc Mmust increase. Moreover, sinc¥¢dG is pro-
portional to d\{(E)/dE, which in turn is proportional ta', dVod
dG must increase witl'. Figure 6b and ¢ shows the influence
of ®; andAox 0N the plot oV, vs G. As predicted by eq A2.2,
the increase 08, and Ao produces a decrease G§..

3.3. Model Fitting of the V.. Experimental Dependence
on @(. None of the three pathways of the interfacial electron
transfer considered in the recombination model, neither direct
recombination via cb states nor indirect recombination via band-
gap ss (localized, band-gap deep traps or a tail of band-gap
shallow traps), can separately fit the experimental results of
Figure 2 in the whole illumination range (< ®, < 10
cm2 s 1. However, as shown in Figure 2, a reasonably good
fitting can be obtained by combining the three recombination
pathways. In fact, for low light intensitiesbp < 10 cm™2
s 1), the experimental data can be reasonably well fitted by
assuming recombination via localized, band-gap deep traps
localized~0.6 eV belowE; (Uss {Vog). For 5x 101 > @&y >
102 cm™2 s71, an exponential distribution of band-gap ss
(shallow traps), just belovie: (Uss {Voc)), With a broadening
parametent = 0.3, fits the experimental results well. Finally,
for @y > 10 cm~2s71, a good fitting is obtained by assuming
direct recombination from cb stateld{(Voo)), with a reaction
orderfs’ = 1 (see eq 3), as a constant slope ¥§4gtl log ®o ~
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Figure 6. Typical plot of Vo vs 1og G, according to eq 19, for different
values of (a) the broadening parameter of the exponential distribution
of band-gap ssy'; (b) the density of s9; and (c) the preexponential
factor, Aox, Of the interfacial electron transfer frequeney, according

to eq 16. Common parameterg; — Ereqox= 0.7 €V,1 = 0.6 eV,onw
=1.6x 10°cm? s, Cox/Crea= 0.1, and\; = 4 x 10?°cm~3. Observe
thato' is the only sc parameter affecting the slopevif vs log G.

60 mV is observed. A global fitting is obtained by addition of
the three recombination pathways, i.e.,

(DO(Vor) = Uss,l(vm) + Uss,Z(VoJ + Ucb(vm)

A possible criticism for this model is that it has a large

(20)
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Log €, &,/s”

E - Eol®V
Figure 7. Logarithmic plot ofey, &, ande/ex vs E, according to eq

Al.2 (Appendix 1) and eq 16, fdE: > E > Eeqoxand the same fitting
parameters used in Figure 2.

parameters used in Figure &,> ey for Ec > E > Eredox SO
that the use of eq 18 is justified.

Experimental evidence of deep traps-0®8 eV belowE,
exists in the literaturé~14 These traps have been attributed to
TiO, lattice defects associated with incompletely coordinated
Ti4* surface iong# On the other hand, an exponential tail of ss
below E;, which has been attributed to surface disorder of the
crystal latticel® has been invoked for explaining dispersive
transport propertiéé2° and surface recombination processes
in nanoporous Ti@!6.17:19

A similar dependence d¥,c on ®q as that shown in Figure
2, but with lower values oY/, has been reported by Fisher et
al.” These experimental data are also nicely fited wit.h our
recombination model, as shown in Figure S1 of the Supporting
Information. The best fitting in this case is obtained by keeping
those parameters which are less sensitive to electrode preparation
(Ne, Et — Eredox A, OnV, €ox, Ered. &, & ande,?) constant, while
increasing those parameters which are more sensitive to the
electrode synthesidN( and ©; increase by about 2 orders of
magnitude, ando increases from 0.3 to 0.5). It must be
emphasized that, also in the case of the results of Fisher’et al.,
a sudden decrease o¥gl/d log @, from ~300 to~85 mV is
observed atbg &~ 6 x 10'2cm~2 s~1. Remember that a similar
decrease of \,/d log ®o from ~230 to~120 mV at®y ~ 5
x 10" cm~2 s~1 appeared in Figure 2.

3.4. Simulation of the Effect of Band Edge Displacement.
Interestingly, the model allows the prediction of the influence
of surface treatments on the light intensity dependencdé,of
In general, a surface modification of the electrode leading to a
decrease of the density of both shallow tra@g @nd deep traps
(Np) will produce an increase o, at low and intermediate

number of adjustable parameters and that, unless independentalues of®q, but not at high illumination intensities, where
measurements of some of them are made, the fitting becomesecombination is controlled by interfacial electron transfer from

inefficient. However, it must be pointed out that the large

cb states. On the other hand, a surface treatment leading to a

number of parameters is intrinsic to the complex system under shift of the cb edgek., with respect to the electrolyte redox

study and, therefore, cannot be by obviated by the model.
Attention must be paid mainly to the ability of the model to
explain the drastic slope change (inflection &f,dd log ®¢)
observed experimentally in the steady-stdtgvs @ plots at
low enough®, values (see Figure 2 and Figure S1 in the
Supporting Information) and not to its ability to fit intervening
parameters.

Equation 18 has been used for the calculation of the
recombination rate under open-circuit conditions. This takes into

account that ss participating in the recombination process arefor any value of E; —

in thermal equilibrium with the conduction band, which is only
true for ss above the demarcation le\&, i.e., whene > ey.>

As can be seen in Figure 7, whex€E) andeu(E) are calculated
from eqs Al.2 and 16, respectively, with the same fitting

level, Ereqox Will affect the recombination process involving both
shallow and deep traps, as well as cb states. Figure 8 illustrates
the influence of Ec — Eredoy On the®o dependence .. In
general, the increase dE{ — Eedoy pProduces an increment of
Voc (AVy) in the whole range ofbo. Moreover, for constant
®p, AVyc increases WithE. — Eedoy in the illumination range
where recombination is controlled by band-gap ss. Only at high
enough values ofb,, where interfacial electron transfer from
cb states dominates recombination, \¢d log ®¢ ~ 60 mV
Eredoy; that is, a parallel shift of the
linear plot of Vo vs log @y takes place wherE — Eredoy iS
changed. It is interesting to realize that f& (— Eox) > (E: —

Eox) recombination is controlled by deep traps in the Idy
range. In contrast, wheie{ — Eox) < (E; — Eox), Shallow traps
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g £ independent measurements of some of them are made (e.g., the
broadening parameter in the trap distribution), the value of the
fitting becomes small. The application of the model to the
calibration of other measurable kinetic parameters would be
helpful for its further validation. This is the case for the electron
lifetime, as it has been shown receriy.

Let us summarize the main features of the model at the
present stage. Interfacial electron transfer is considered to take
place via an indirect, two-step process involving band-gap ss.
In the first step, cb electrons are trapped inelastically at band-
gap ss; further, trapped electrons are either detrapped back to
the cb or transferred isoenergetically to the electrolyte in a

e o o0 on o o o process of recombination with photogenerated holgsgpe-

%o (cm2st) cies). In agreement with others auth&¥<° two kinds of band-

Figure 8. Effect of shifting the sc band edg&,, with respect to ~ 9ap ss are involved in these processes, monoenergetic deep traps
electrolyte redox levelE.qos 0On the plot ofVe vs ®,. The shift is (Nt ~ 10'—-10% cm3) at about 0.6 V below the cb edge and
represented for the following values Bf — Ereox (@) 0.6 €V, (b) 0.7 a tail (exponential distribution) of shallow traps just bel&w
eV, (c) 0.8 eV, (d) 0.9eV, (e) 1.0eV, () 1.1 eV, and (g) 1.2 eV. (©; ~ 108—10" cm™3; o’ = 0.3—0.5). Note that a density of
O; = 2 x 10 cm23 has been determined independently by
cyclic voltammetry in experiments in aqueous solufidn.
According to eqs A1.5 and Al.6, under open-circuit conditions
and low illumination intensities (10 < ®¢ < 1012 cm 2 s7Y),
interfacial electron transfer mainly takes place via deep traps,
andV,. depends on the trap filling factdi,For small values of
f, the recombination rate via deep traps increases rapidly with
®( and saturates for ~ 1. As can be seen in Figure 2, this
situation takes place fabg ~ Nigyx = 1.45 x 10 cm2s71,
For®y > 10"—-10"2 cm~2s71, the recombination process starts
to be controlled by the exponential distribution of ss (shallow

Voc (V)
© o 0o 0o 0o 0o 0o 00 0o P pr e
S RPN WS O N ® v © RN

dominate recombination for both low and intermediabg
values. Summing up, an increment Bf (- E,x) associated with
either a change of the electrolyte redox potential or a modifica-
tion of the TiQ, surface leads, in general, to an increas¥ f
More details and simulations showing these effects are provided
in Figure S2 of the Supporting Information. Schlichitheoal ®
have found that in the illumination range $0> ®, > 10'3
cm2 s 1 the plot of Vo vs log @y is linear (dVod/d log @ ~

90 mV). These authors have also reported that the specific
chemical surface treatment of the Ti@ye-sensitized electrode
b Kg’if\“:ﬁ eNv?h'gzer;%: gg:ztzm g}:ﬁﬁzg\gﬁﬁ\rﬁ;m 5 iaps). Finally for high enough light ntensitieb = 10°cm 2
constant). The authors attribute this behavior to a photoinducedsfl)_' as long aswey, > e, Ni(E) €x(E) dE, direct recombi- -
band edge movement leading to an increadg: 6f Eredox Since nation via cb states becomes the dominant recombination

an increment o, — Eredoxproduces an increase o¥gyd log mechanism, so that_a Iim?ar dependencvdabn log @, with
@y in the @, range where recombination is dominated by the & Slope 0F~60 mV (i.e,, " = 1in eq 3), appears.
tail of shallow traps and this is not observed by Schlichtkto Summing up, at low enough illumination intensities, the

al., it may be inferred that a decreas®g(total density of ss)  dependence df,c on o becomes controlled by localized, deep
and/orA (the preexponential factor of the electron transfer rate and-gap traps; for intermediate photon fluxes, the photovoltage
€ox, Which is related to the degree of interaction of ss with redox S controlled by the tail of shallow band-gap traps; and for high
electrolyte species) is involved in the observed increadé,of enoughdg values, c_b states domlnate the recomblr_latlon process.

Another source of band edge shifts is the charging of the The second and third stages are in agreement with the electron
TiO, particles with electrons and concomitant increase of ionic lifetime obtained by photovoltage decay measuremérie-
charge at the Helmholtz layer. The amount of band edge shift cause of the limited sensitivity of this technique, the first stage,
depends on the density of electrons and the value of the associated with the deep surface states, cannot be detected.
Helmholtz capacitance and may become significant at high light ~ While the energy of monoenergetic deep traps seems to be
intensities. We have not considered this effect in detail in the intrinsic to the nanostructured Ti@naterial, their concentration,
present work, but from the above analysis, some insight on the N as well as the densit,, and the distribution of shallow
effect of the shift due to electron accumulation can be obtained. raps,o’, change from sample to sample and are quite sensitive
In fact, it should produce a progressive displacement of the bandt0 the electrode preparation.

edge, so that the light intensity dependenc¥gfhould change Although the photovoltage is very sensitive to the presence
in the direction of a— g of Figure 8. of band-gap ss, it must be emphasized that the maximum

photovoltage reached by the DSSC under high enough light
4. Conclusions and Implications of the Model intensities,Vocmax = Ex — Eredox WhereE; refers to the cb

edge under illuminatio! must not be affected by the presence

In this paper, we have presented a model for the intensity of band-gap traps

dependence of the photovoltage in DSSCs that describes for
the first time the complex experimental behavior observed for
a large window of light intensities (6 orders of magnitude).
Previously, much simpler models described the photovoltage
in a restricted illumination range where a simple exponential
dependence oW,. on @ is found. Our model provides a
physically plausible interpretation for the detailed features of
the experimental curves (drastic slope changes) and constitute.fA
a steady-state approach addressing the main characteristics of
the DSSC. A main disadvantage of our model is the large We consider the solution of the rate eq 8 for localized,
number of adjustable parameters involved, so that, unlessmonoenergetic ss. First we note the relationship
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eox c 0.8

_ Dox _
% - Creq exp[(Et EredoQ/kT] (Al-l) 0.71

Under equilibrium conditions in the dark, eq 9 becomgs
= Ni(1 — fo)ey,with &, = ey = owng = a(ny/n) andry = r, = 0.5+
Nfoe. It can be shown théat

‘:‘ 0.4}
o
&= eto exp[(Et - EredoQ/kT] (Al.Z) Z 0.3t
so that by combining eqs Al.1 and Al.2 the following  °-2
relationship betweem,, &, ey, andeeqis obtained: 0.1
€ €, Cueqg . : . : )
= _Ox “red (A13) 1012 1012 10t 1015 1016
eto €red Cox fo (em?s™l)
] Figure 9. Photon flux dependence of the photovoltage for a DSSC
On the other hand, from eq 8 we obtain analogous to that described in the Experimental Section, where the FTO
conducting glass supporting the nanoporous;Tilth was substituted
(et e)f—e(1—1 by a Ti sheet. The use of a Ti substrate provides natural blocking of
=Ny 1— (Al1.4) the conductive substrat@lectrolyte interface as a Tidilm about 2
elo( f) nm thick is spontaneously formed at the Ti surface upon exposure to

ambient conditions.
and

By applying the inverse of the error function to eq A2.3, we
_ G+ N€eq (AL5) obtain the explicit dependence ¥§. on G that is given in eq
Nt(eox + ered) 19.

Finally, by combining eqs A1.4 and A1.5, it can be written that Appendix 3

Here, we present experimental results comparing the depen-
n_ Coc T & G 1 Néfeq _ Sted (A1.6) dence ofV,. on @ for a DSSC in which the FTO substrate is
Ny e, Ne,—G g substituted by a Ti substrate. The use of a Ti substrate provides
natural blocking of the conductive substratdectrolyte inter-
which, according to eq 4, leads to the relationship betwégn  face as TiQ is spontaneously formed at the Ti surface upon
and G(®o) stated in eq 13. exposure to ambient conditions. For the fabrication of the Ti
based electrodes, we used the procedure described in the

Appendix 2 Experimental Section except that a Ti plate was used as a
Since the integrand of eq 18 can be written as substrate instead of the FTO glass. Treatment of the Ti plate
and the formation of the Ti@at the Ti surface under the
Ad'©, o«(E-E) (E— on)z sintering conditions are reported elsewh&€&igure 9 shows
N(E) €(E) = —j 7 &x T kT T the experimentakPy(Voe) plot corresponding to a Ti based
, 9 DSSC, i.e., where a native Tiblocking layer exists at the
A’ O, expC. ex '{_ [E — (Eox T 210)] ) (A2.1) substrate-electrolyte interface. Except for effects related to the
kt P 47KT '

illumination via the counter electrode, the shape of the curve is

, o ) similar to those corresponding to FTO based DSSCs.
where C; = (40'Eq/4KT) + (44’%/4KT) — (a'/kT)E,, by In the following, we compare our results with those reported

combining eqs 1518 and A2.1 and takinGredoxas the energy  py peter et af.” The differences observed will be analyzed in
origin, eq 15 becomes light of both Peter's modéland the model presented here.

A,'© Let us first analyze the influence of the back-reaction of
=X [expcl x electrons via the substrate on the photon flux dependence of

KT the photovoltage. The rate of this reaction can be expressed by
Voo [(E = Eregoy) — (Ege + 2] the Butler-Volmer equation, in terms of the photovoltage® as

S exp — dE (A2.2)
0 42KT

_ . ﬁanOC (1 - ﬁ)qVOC
where the integrand is a Gaussian function with a mean value Usus= ~lof EXP— 77 — eXp— 5 (A3.1)

1 = Eqx + 20’ and a typical deviatioor = (2kTA)Y2. Therefore,

the product of the exponential and Gaussian distribution of stateswherejo represents the exchange current dengtgnd (1—
results in a maximum of the combined density of statesiat 2 g) are the anodic and cathodic transfer coefficients, respectively,
above theEox level. Obviously, eq 15 can be related with the andn is the number of electrons participating in the electrore-
error function erf§) = (2/v/x) /5 €% dt, so that it can be duction of tri-iodide ions. Therefore, according to our model,
rewritten the general dependence\gf on dq will be obtained by addition

of the termUsypgiven by eq A3.1 to eq 20. Obviously, eq A3.2
G= C[erf(i) + erf(v°° _ a)
Vb Vb

q)O(VO() = Uss,l(voc) + Uss,z(vot) + Ucb(vot) + Usub(Vor)
with C = ((Aoxa! O/ 7)/2KT) expCy, a = Eoy + 210, andb =

(A3.2)
4KTA. and eq 20 will give identical values @o(Voo) if UsudVoo) is

(A2.3)
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TABLE 1: Comparison Test of our FTO Based DSSCs with Thos
Following Parameters: Photon Flux for the Photovoltage Onset®
Corresponding Photon Flux @ may), and the Inflection of dV,dd lo

Salvador et al.

e of Fisher et dl.and Cameron et al.6 Attending to the
0.0n), Maximum Attained Photovoltage (Vocmay), the
g @, at Low Photon Flux

cI)O,on Voc,max q)o,max dVon |Og cI)0
DSSC (cm2s™) V) (cm2s™) inflection at low®,
This Paper
bare electrode 5 10° ~0.6 2x 10° existing at:
Do~ 2 x 10 em2?s?t
PPO coated electrode %510 ~0.6 2x 10 Py~ 2 x 10t cm2st
Fisher et al.
bare electrode 10 ~0.6 6x 10'° existing at:
®o=3 x 10%cm2s?
Cameron et al.
bare electrode 5 108 ~0.6 107 nonexisting
coated electrode nonreported ~0.6 107 nonreported

negligible with respect tdJss {Voc), Uss{Voc), and Uen(Voo),
something that frequently occurs in practice, as we are going
to show. Figure 10a shows a plot of the tetvg,yVoo) for
different values of the exchange current dengityvhich varies
between 10° and 105 A cm~2,5 together with thabg(Voo) plot

of Figure 2 (full line) corresponding to the best fitting of our
model (eq 20) to the experimental data of Figure 2. In Figure
10b, we represenibo(Voc) according to eq A3.2 for the different
values ofjo represented in Figure 10a. It can be seen thajpfor

< 107° A cm~? the influence of the terrgyis negligible even

at low light intensities, which means that under such experi-
mental conditions no significant differences should exist between
experimental values corresponding to a DSSC with and without
blocking of the FTG-electrolyte contact, as, in fact, observed

0.6

a)

Voc (V)

1011

101.2 1013 1014
Fo (cm st

10*  10%? 10 10%  10Y7  10%®

Voo (V)

10° 10* 10'* 10% 10" 10 10" 10'* 10Y7 10'® 10%
o (em?s7!)

Figure 10. (a) Plot of the transfer rate of electrons from the FTO
substrate to electrolyte tri-iodide ions according to eq A3.1 (Appendix
3), for = 0.5 and different values of the exchange current density,
The plot of ®¢(Voe) corresponding to the best fitting of eq 29 to the
experimental data of Figure 2 is also included (full line). (b) Plot of eq
A3.2 (Appendix 3) for the different values &fs,f Vo) in part a.

experimentally in Figure 2. Observe that the actual valug of
could be even lower than I®A cm~2 because a considerable
fraction of the FTO substrate is covered with Fi@noparticles
and the actual area in contact with the electrolyte is much less
than the geometric electrode area.

Let us now analyze the main differences between our model
and that of Cameron et &First, these authors do not consider
the existence of monoenergetic deep traps participating as
surface recombination centers but only the existence of an
exponential distribution of shallow traps. Second, they use a
global first-order rate constanktss for electron transfer from
surface states to the electrolyte, without taking into account that
the Marcus-Gerischer model predictskgsdependent not only
on the reorganization energy of the systethi{ut also on the
free energy differenceas taken into account by eqs-1868 of
our model. The influence of these differences on hg®o)
behavior is significant, mainly with respect to the dependence
of dVod/d log @ on @ at low ®g values. In fact, according to
the model of Cameron et al. (see Figures42of ref 6), at low
enough values ofby, dVodd log ®q increases monotonically
with @ and then reaches a constant value which depends on
the value of the parametefs n, ando’. In contrast, when
according to our model recombination via deep traps is taken
into account, an inflection must appear at low enough illumina-
tion flux in the plot of d/odd log ®¢ vs @y. Actually, as far as
the termUss 1 0f eq 20, associated with deep traps, controls the
recombination process at low photon fluxVgdd log ®q
increases monotonically witio. However, asb, increases and
recombination via shallow traps is the prevailing process (i.e.,
Uss1 < Uss ), dVodd log @p stops increasing and starts to
decrease. This is just the behavior observed in Figure 2 and
Figure S1 of the Supporting Information for values ®§ of
about 10! and 162 cm=2 s71, respectively.

Finally, it is instructive to compare in Figure 11 the different
Voc VS @ experimental data considered here (our own data and
those of Peter and collaboratbfs The results of this com-
parison, which mainly concerns the photon flux for the onset
of photovoltage €0, the maximum reached photovoltage
(Voc,may With the corresponding photon fluxbp may, and the
inflection of dv,/d log ®¢ at low enough values ob,, are
reviewed in Table 1. The following points are remarkable: (1)
our DSSCs are not sensitive to the blocking treatment of the
FTO substrate, which contrasts with the behavior shown by the
DSSC of Cameron et al(the V. vs @ curve is noticeably
shifted toward highd, values when the FT©electrolyte
contact is blocked); (2) an inflection oMd/d log @, at low
®g values is observed for our DSSCs, with and without blocking
of the substrateelectrolyte interface, as well as for the uncoated
sample of Fisher et al.this is not reported for the bare electrode
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Figure 11. Comparison of th&/, vs ®¢ curves corresponding to our

1010 1011 1012

FTO based DSSCs in Figure 2 with those reported by Peter and

collaborators in refs 6 and 7. The arrows indicate the inflectiorvgfd
log @ at low enough values @b, that according to our model indicates
interfacial recombination via localized, band-gap deep tr@pserve

that this inflection cannot be observed in the FTO coated sample o

ref 6 due to the lack ofV,. experimental data for low enough

illumination intensity (the lowest reported photovoltage is about 0.25
V). In contrast, the absence of inflection for the FTO uncoated sample

of ref 6 is attributed to the dominant effect of FTO substrate in the
whole interfacial recombination procedss{yVoo) > Uss Vo).

used by Cameron et &.(3) the V. vs ®, performance of the
DSSC is not necessarily improved by intentionally blocking the

FTO—electrolyte contact. These differences must be attributed,
at least partially, to the type of FTO substrate used. While our

DSSC and that of Fisher et @lsed a Libby Owens Ford FTO

as the substrate, that of Cameron et al. (Figure 9 of ref 6) was
prepared with a FTO from Asahi. Moreover, the FTO substrate

used by Cameron et &lwas ultracleaned (sonicated in 5%

J. Phys. Chem. B, Vol. 109, No. 33, 20086925

N. = effective density of free cb electrons (cf)
N; = density of monoenergetic, deep band-gap ss&m
T, = characteristic temperature of exponential distribution

of shallow band-gap ss (K)

U = recombination rate of interfacial transfer of electrons
from the cb to the electrolyte (crds™1)

Uss,1= recombination rate of interfacial transfer of electrons
from localized, band-gap deep traps to the electrolytefcm
s

Uss 2= recombination rate of interfacial transfer of electrons
from the exponential distribution of shallow band-gap ss to the
electrolyte (cm?® s71)

Usub = recombination rate of interfacial transfer of electrons
from the substrate to the electrolyte (chrs1)

Voc = photovoltage (volts)

Cox = electrolyte concentration of bxidized species (cn¥)

Cred = €lectrolyte concentration of1 reduced species (cr¥)

d = nanostructured Ti@film thickness (cm)

e.x = interfacial transfer frequency of electrons from band-

; g9ap ss to 4 oxidized electrolyte species®

eeq = interfacial transfer frequency of electrons froar |
reduced electrolyte species to band-gap s¥) (s

e = frequency of detrapping of electrons from band-gap ss
to the cb (s?)

& = frequency of trapping of cb electrons by band-gap ss
under illumination (5%)

g, = frequency of trapping of cb electrons by band-gap ss
under equilibrium conditions in the dark(§

f = filling factor of band-gap ss (dimensionless)

jo = substrate exchange current density (Aém

n = concentration of cb electrons under illumination (&n

ny = concentration of cb electrons under equilibrium condi-
tions in the dark (cmd)

Deconex solution, thoroughly rinsed, and further cleaned by 9 = €lectron charge

sonication in 2-propanol and ethanol), in comparison with the

rox = rate of interfacial transfer of electrons from band-gap

cleaning performed by us and Fisher et al. (simple immersion SS to oxidized electrolyte species (cfrs™)

in a solution of KOH in 2-propanol and further rinsing in

Ieq = rate of interfacial transfer of electrons from reduced

deionized water). In consequence, the electrochemical activity toreduced electrolyte species to band-gap ss tasn')

of the FTO substrate used by Cameron et al. could be much

r, = rate of detrapping of electrons from band-gap ss to the

higher than that of the one used by us and Fisher et al. In fact, P (cnT® s™)

as shown in Figure 11, the behavior of our electrode (not

affected by the blocking treatment) is compatible with a
relatively smallj, value 1078 A cm~2). A low exchange

r = trapping rate of cb electrons by band-gap ss{€sT?)
o = absorptivity of the nanostructured Ti@lm (cm~1)
o' = broadening parameter defining the exponential distribu-

current density may also be valid for the Fisher et al. FTO tion of shallow band-gap ss (dimensionless) _ _
substrate. In contrast, the strong behavior difference observed B = anodic transfer coefficient of the substrate (dimension-
in Figure 11 between the bare and the coated electrode ofl€ss)

Cameron et al. should be consistent witlg @alue several orders
of magnitude higher for their ultracleaned FTO substrate.

Notation

Aox = interfacial exchange probability of electrons from band-
gap ss to 4 oxidized electrolyte species

Areq = interfacial exchange probability of electrons frogn |
reduced electrolyte species to band-gap s%) (s

D = diffusion coefficient for cb electrons (cri s™)

E = band-gap ss energy (eV)

E. = bottom cb level energy (eV)

£, = quasi-Fermi level energy (eV)

Eox = most probable energy level for oxidized electrolyte
species (eV)

Ereqd = most probable energy level for reduced electrolyte
species (eV)

Eredox = €lectrolyte redox energy (eV)

G = cb electrons photogeneration rate (¢hs 1)

' = recombination reaction order in the concentration of cb
electrons (dimensionless)

A = reorganization energy according to Gerischer’'s model
ev)

v = thermal velocity of cb electrons (cnTy

on = electron capture cross section of band-gap s£)(cm

@ = incident illumination flux (cm?2 s

O, = density of shallow band-gap ss (cfs™?)

Supporting Information Available: Fitting of Voc vs ®q
of the experimental data of Fisher et’alith our recombination
model, details on the simulation given in Figure 8, and table of
related values. This material is available free of charge via the
Internet at http://pubs.acs.org.
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