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Abstract: A combination of electron lifetime measurement in nanoparticles as a function of the Fermi level
position at high resolution in the potential scale with a new model to describe this dependence provides a
powerful tool to study the microscopic processes and parameters governing recombination in dye-sensitized
solar cells. This model predicts a behavior divided in three domains for the electron lifetime dependence
on open-circuit voltage that is in excellent agreement with the experimental results: a constant lifetime at
high photovoltage, related to free electrons; an exponential increase due to internal trapping and detrapping
and an inverted parabolla at low photovoltage that corresponds to the density of levels of acceptor electrolyte
species, including the Marcus inverted region.

1. Introduction of DSSC (illumination dependence of the photovoltage) indicate
a combination of mechanisms for interfacial charge transfer,
involving direct transfer from conduction band, and also
intermediate trapping at surface states with further charge
transfer from the surface states to the isoenergetic acceptor
levels1®

The lifetime of electrons in DSSC at different steady states
of the solar cell is a particularly important quantity that was

There exists an increasing interest in obtaining a deeper
understanding of the electronic and ionic processes that govern
the operation of dye-sensitized solar cells (DSSC). One critical
aspect of the solar cell toward larger conversion efficiency is
the recombination of dye-photoinjected electrons into nano-
structured TiQ with the redox species that regenerates the
oxidized dye. Strategies based on purposeful control of the - ) ) .
recombination properties, such as the eesbell nanoparticle ~ d€termined f|4r§t by intensity modulated photovoltage spectros-
approach; 2 could enhance significantly the efficiency of energy COPY (IMVS):*>The measured lifetime, is a strong function
conversion of the DSSC. Many papers have addressed the of the Fermi level or open-circuit photovoltagé,. The lifetime
kinetics of recombination of electrons in DSSE (for a recent is a kinetic quantity that contains information not only on the

review see ref 12). In addition, the steady-state characteristics"@t€ constants of charge transfer but also on the distribution of
electronic states and electronic transitions that intervene in the

" Universitat Jaume 1. operation of the DSSE&!
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all of the electrons in traps need to be anhililated through the significantly with the position of the Fermi level, due to the
recombination centers, requiring prior release to the conductionenergy distribution of electronic states in both the semiconductor
band. So the observed switching time, thesponse time and the electrolyté? It is therefore necessary to elaborate a
increases with respect to the lifetime of free electrons (deter- complete model for the kinetic determination of lifetime as a
mined by the rate of capture by the recombination centers), by function of steady state in quasi-equilibrium measurements that
the proportion of trapped to free electrons. This proportion takes into account both the internal trapping and the combination
changes exponentially as the Fermi level moves in the expo- of charge transfer routes. This will be done here for the first
nential distribution of states in the band g4yt is noteworthy time. In particular, it will be shown by comparing the new model
that the exponential dependencegi/,c) in DSSC is explained  to a variety of experimental results that the Gaussian distribution
in this way assuming eonstantrate of charge transfer (through  of the effective electron acceptor levels in solution (according
conduction band state%}* to Marcus-Gerischer transition rates) plays a major role in the
Recently, we presented a general interpretation of the shape of the lifetime. Important information on the global
measured electron lifetime in DSSC as well as a new experi- mechanism of charge-transfer in DSSC will be obtained. In
mental method based on the treatment of open-circuit photo- addition, the importance of the results expands far beyond the
voltage decays (OCVDP.The OCVD technique is a method specific system examined as they provide a new tool to study
that consists of turning off the illumination in a steady state the electronic properties of nanopatrticles in solution.
and monitoring the subsequent decay of photovoltsge,The
response time is obtained by the reciprocal of the derivative of 2. Theory

the decay curve normalized by the thermal voltage: 2.1. Basic Assumptions on Distribution of Electronic States

ke TfdV, )2 and Rates of Charge Transfer.According to the previous
- (TOC) 1) works$1314we formulate a model based on the assumption of
several classes of electronic states in Ji@noparticles in a

This technique has the advantage with respect to alternativeDSSC, as indicated in Figure 1. An important issue for the
methods by small perturbation in frequef&ypr time domaif® mterpretatlon. of klr!etlc measurements in DSSC is the possible
that OCVD provides as much resolution along the Fermi level need for a distinction between bulk traps and surface states.
axis as desired, in a single and fast measurement. Consequently! NS issue is not clear from the previous work in the literature,
OCVD provides very detailed curves of(Vo) that contain a but the necessity of thege two kinds of states will be confirmed
wealth of information on the electronic processes of recombina- 12t€r on by our experimental results, and furthermore the
tion in DSSC, as we will show in this paper. It is important to  "€Spective parameters.for the distributions WI|| be obtained.
note however that OCVD s basically a dark measurement of Therefore we assume in the model the following:
the solar cell. Consequently, recombination of the photoinjected (&) Conduction band states (or transport states or extended
electron with the oxidized dye, which is one of the two possible States). These have the property that they allow fast transport
recombination paths, is not measured by OCVD. This phenom- ©f the electrons. They are defined by the energy I&glower
enon simplifies the interpretation of the results since only ©dge of conduction band or mobility edge) and the effective
recombination to the electrolyte is measured. However one densityN.. The volume concentration of electrons in these states
should take this into consideration when measuring cells in 'elates to the quasi-Fermi levéiy, as
which regeneration of the dye is relatively slow as in the case
of low redox concentrations or some of the solid-state mediators. Ne= Nce(EF - Bl 2)

In general, it must be recognized that recombination in DSSCs

is a hierarchial process spanning many orders of magnitude inprovided tha€r is below the conduction band (nondegeneracy).
time. The OCVD is a quasi-equilibrium measurement that (b) The bulk traps. These are localized electronic states in
records the slow phenomena at characteristic times longer tharthe band gap that trap and release electrons only with the
~10 ms. Particularly for solar cells (that work at steady state), conduction band. The density of these states as a function of
this is a very relevant range of time scales. Other, faster energy is described by the exponential distribution with a
measurements by either time transients or high frequency characteristic parametdp

domain provide information on the short time scale processes N

such as dye reduction or electron trapping in bulk. However in _ b _

our case the kinetic behavior of these processes is not recorded, 9(E) = ks T, expE ~ Bk Tl 3)

and they will not be considered in this work.

We will adopt an interpretation of the response time measured whereN; is the total density of bulk traps per unit volume. The
in DSSC by OCVD based on the electronic events in the volume concentration of electrons per unit energy at the energy
semiconductor, followed by one-electron charge transfer, and E is given by gs(E) fo(E,Er), where 0< fy(E,Ef) <1 is the
this will be justified by the experimental results. A preliminary occupancy of bulk traps at this energy level. At quasi-
model presented previously describes electron trapping andequilibrium f is given by the FermiDirac distribution at room
detrapping in an exponential distribution in the bulk of temperature.
semiconductor particles and further charge transfer by the (c) The surface traps. These are localized electronic states in
conduction band mechanism, and this model suffices to explainthe band gap that are able to trap and release electrons with the
major trends (the general exponential dependence) that are founa&onduction band and in addition are able to transfer electrons
in 7n(Voo).51* However, it is important to consider also the to the acceptor species in solution. These states are physically
different routes for interfacial charge transfer, which change located either at the nanoparticle surface or within a tunneling
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energy E is given by giE) fyE,Er), where f(E,Ef) is the
occupancy of surface traps at this energy level. The total density
of localized states is given by = Np + Ns.

As mentioned before here we attempt to develop a complete
model, in the sense that it is able to describe all the experimental
features of kinetic results of lifetime in DSSC in quasi-
equilibrium conditions at different steady states (as mentioned
before the kinetic effects of the fastest processes occurring in
the DSSC before it attains quasi-equilibrium are not considered).
Recent calculations that will be reported elsewhere indicate that
j the demarcation levE for surface states is close to the redox
_{ DOS level. Therefore we have assumed that quasi-equilibrium condi-

tion™ for quasi-Fermi levels is obeyed during decays, meaning
that electrons in traps remain in equilibrium with conduction
band electrons, so that the occupancies of all the electronic states
in the semiconductoff(E,Ef), f{E,Er)) are described by a single
electron quasi-Fermi leveEr, which in particular is the free
electrons Fermi level that is monitored externally as a photo-
voltage,Voc = —(Er — Erg)/e. A deeper monoenergetic surface
state situated close to the redox leizgljoxis observed by other
methods and is likely to depart from quasi-equilibrium, but the
effect of this trap is not very significant to our results by the
OCVD technique, so it has been generally neglected in this
paper.

The change of electron density under a small variation of
the Fermi level is described by the chemical capacita®aich
takes the following forms. For conduction band states

1
LU

s
>
L
I
1
|
I|'||
Lol 1y

| T

electron energy
I
|
11y

TiO, nanoparticle | electrolyte

) o

Lol nig | lhm

||I M
[ III|I'I|IIIII l
Al

1
|
|
|
it
Ll IJIII

on n
cP=& =< (5)

(© g OB kT

for bulk traps

I

c,M = ezaiEF S (B T(EED) dE~ €0, (6)
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Figure 1. Schematics of the steps involved in the recombination of electrons F
in TiO2 semiconductor nanoparticles during photovoltage decay, by charge
transfer to the fluctuating energy levels in solution, which form a distribution The last equalities of eqs 6 and 7 use the zero-temperature
with an effective Gaussian density of states (DOS), indicated at the right, approximation of the FermiDirac distribution'® Note that the
with halfwidth 1, the reorganization energy, and peakEat. Ero shows . . .
the position of the Fermi level in the dark, which is equilibrated with the C2Pacitance€, in eqs 5-7 show an exponential dependence
redox potential Eredoy) Of the oxidized dye.Hr) is the quasi-Fermi level on the Fermi level. From quasi-equilibrium condition it is

of electrons at different stages of the photovoltage decay,Eanis the understood in the expressions below that all the capacitances
conduction band energy. The shaded region indicates the band gap stateg~ () 5re taken aEr
u "

that are occupied with electrons. (a) Transfer of conduction band electrons. .
(b) Transfer of electrons in traps, through conduction band, after thermal 1€ rates of transfer of electrons from the semiconductor to

detrapping to the conduction band. (c) Transfer of electrons in traps, through the oxidized species in solution constitute an important element
surface traps, after thermal detrapping to the conduction band and capturejn the model that establishes the time scale of the response
by the surface trap. through the rate constants. The rates of transfer consist on the

product of the electron concentration in the particular semicon-
distance from it. We assume also an exponential distribution ductor state and a transition probability. The rate of transfer
with a characteristic paramet@&x from surface traps at the energy leels

N r. SYE) = g(E) f(E,E,) e SUE 8
QS(E)ZkB—-IS-GXP[(E_ Ec)/kBTl] (4) ox ( ) gs( ) s( F) 0X ( ) ( )
! For conduction band states

whereNs is the total density of surface traps per unit volume.
. . (cb) — (cb) g 9)
The volume concentration of electrons per unit energy at the Fox N €y (Eo) (
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The transition probabilitiese,®, wherei = (st, cb), are The equation of conservation for bulk traps at the energy level
determined by the rate constant for isoenergetic electron transfer E describes the only mechanism of exchange that is possible
k®, and the probability densities of the fluctuating energy levels for these traps, the trapping and release from conduction band
in solution, given by MarcusGerischer model for electron  states

transfer:
of(E)
9(E) —5;— = Ao(B) ndL — 1u(E)] — 9u(E) &(E) f(E) (16)

(10)

. c E-E)°
e, (E) = 2k Tk —=— ex;{— E~E) MkaI’_X) _ . |
AmiksT Finally, the equation of conservation for surface traps at the

energy leveE contains both the trapping and release terms and

wherecox is the concentration of electrolyte oxidized species, the rate of transfer from that level to the electrolyte oxidized
Eox is the most probable energy level for the oxidized species, species at the same energy, eq 8,

andZ is the reorganization energy. We will allow for different

rate constants for transfer from conduction band st&&®), of(E) _
and surface trap(s), in e,°® and eV, respectively. 94(E) at BLE) n1 —f(E)] —
In contrast to the surface traps, which are distributed in 0(E) e(E) f.(E) — 1, SYE) (17)

energy, the transfer of conduction band electrons occurs in all

conditions between the same energy levels (assuming that the |negrating egs 16 and 17 and substituting in 15 we obtain
band edges are pinned), and it defines a constant lifetime given

by the expression 0 Ec Ec
e er i+ [5 ERENES [ oBE)dE =
1
Tep= (11) N e
c eox(Cb)(E ) T o 0(BE)e,(E)dE (18)
2.2. Derivation of the Lifetime. The response time is defined In the last term of eq 18 it has been assumed f{B) is

as the decay time in a small variation of the Fermi level, which described by a step function at quasi-Fermi leigl(i.e., only
can be writtenEr + @n(t), whereEr is the steady-state value the surface traps belor participate in the charge-transfer
and the time-dependent part ¢5 < ksT. The relationship process). One has from eq 13

betweenn. and the Fermi level

. an, ag,
n(t) = n(Ex + ¢) (12) 0B ot (19)
gives, by expanding to first-order, and the terms in eq 18 can be linearized in the following way
)=, + o 13 il % _
n(t) = n, 9E. " (13) 9E, + 0(E) + 9B [ =
an,
The evolution ofgpn(t) in eq 13 obeys a linear differential - B_Ecri + QS(EF)eox(EF)]% (20)
equation that defines the response time, as follows F “cb

which can be written also in terms of the chemical capacitances

9
Wn_ _In (14) of eqs 5-7 as

ot T,
. . _ _ (cb) (bY) (sty %n _

wherer, is a function of the steady-state quasi-Fermi level and [C, +C,”” + C, )]E =

the parameters in the model. The specific decay equation, to

be compared with eq 14, is obtained by linearizing the kinetic —[

equations of the general model for trapping, detrapping and

charge transfer, as shown in the following. By comparison of eqs 14 and 21, we obtain the final result

The equation of conservation for conduction band electrons fqr the response time:
contains three terms: the total rate for trapping and release in

1
6%+ 6, e €0, (1)
Ci

the distribution of bulk traps, the total rate of trapping and cCEycbd) o6y

release in the distribution of surface traps, and the rate of transfer T, = S = “ - (22)
i i X C (cb) 1 +C (st) (st), E

from conduction band to acceptor levels in solution, eq 9, w  Tcb w - Cox (Ep)

N E, 2.3. Interpretation and Shape of the Lifetime.We discuss

= " Ja {BENJL — T (E)] — 9,(E) €,(E) f,(E)} dE — here the structure of the result in eq 22. The numerator is the

E. (ch) total chemical capacitance. In other words the total number of

fEV {BBEINJ1 — (B)] — 9(B)eE)(B)} dE — 1, electrons that will have to be withdrawn from the semiconductor

(15) per Er, the small decrease of Fermi level implicit in the

definition of the response time. Therefore the numerator contains

The quantities(E) and8(E) are rate constants for trapping all the possible kinds of electronic states, and this is because
and release at the energy lel all of them are affected by the change of Fermi level.

J. AM. CHEM. SOC. = VOL. 126, NO. 41, 2004 13553
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Figure 2. Representation of the response time in a DSSC as a function of 2 157
open-circuit voltage and several associated quantities. The DSSC simulation - 20
parameters are as follows: = 300 K,L = 10um, E; = 0.9 eV VSEredox “ et
Ne=6.8x 102%cm 3 Np =1 x 10P°cm 3, Ns=5 x 10 cm 3, To=T; 08 06 -04 02 00
=600 K, Cox =3 x 10 cm3, kit =1 x 10 S cmPs, ki =1 x 10 Potential vs. E,_, /V

~16cmis™L, 1 = 0.50 eV. (a) Chemical capacitance. The thin lines indicate . T .

the conduction band and trap contributions separately. (b) Probability of Figure 4. Representation of the response time in a DSSC as a function of
isoenergetic electron transfer to the electronic levels of oxidized species in OPeN-circuit voltage. The DSSC simulation parameters are as folldws:
solution. (c) The inverse of charge transfer rates, for both conduction band = 300 K, L = 10um, Ec = 0.8 €V vsEredos Nc = 6.8 x 10?°cm™3, Ny =

and surface traps transfer mechanisms, and total charge transfer resistancé x 107 cm™3, Ns = 1 x 101 cm3, To = Ty = 600 K, Cox = 3 x 10

in thick line. (d) The response time. em 3 ki =5 x 1075 cnP s k=5 x 10 e cm’s ™, 1 =0.35eV.

(a) Probability of isoenergetic electron transfer to the electronic levels of
oxidized species in solution. (b) The inverse of charge transfer rates, for
both conduction band and surface traps transfer mechanisms, and total charge

The denominator of eq 22 contains a sum of differential rates ., cfer resistance in thick line. (c) The response time.

of charge transfer, perkg, so there appears the number of

electrons through the chemical capacitance times the probabilityajjing parameter3, = T; for both bulk and surface traps. This

of transfer. Each term contains only the chemical capacitance estriction will be dropped later on.

of those specific states that realize the charge transfer. In | gt ys consider first some preliminary points about the den-
addition, each term contains the density of acceptor levels in iy of electronic states and the rates of charge transfer. Figure

solution and the rate constant for the charge transfer. 2a shows the expected behavior of the chemical capaci-
To discuss further the implications of the model we present {ance16 \When the Fermi level is low (more positive poten-
simulation results in Figures-5. For the moment, and for

clarity of discussion, we simplify the model assuming the same (16) Bisquert, JPhys. Chem. Chem. Phy2003 5, 5360.
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0

Another essential quantity determining the lifetime is the
differential rate of charge transfer. The reciprocal of this rate is
shown in Figure 2c, corresponding to the charge transfer
resistance that can be measured by impedance spectrdgcopy.
More specifically, Figure 2c shows the reciprocal of the two
terms in the denominator of eq 22,(%P)re;~t andC,(5Y enx(Ee),
the larger of which dominates the charge transfer rate. Note
that the probabilitye, is variable for surface traps, while it is
constant £, 1) for the conduction band states, so both terms
display different dependences with the potential. The density
of states in the conduction band is very large, and so when the
Fermi level is very high, the rate of conduction band transfer
becomes much larger than through the traps. The onset of the
prevalence of direct transfer from conduction band is further
discussed below.

The response time resulting from the elements that have been
discussed is shown in Figure 2gl.shows in this example three
distinct regimes of behavior. Each of them corresponds to the
processes outlined in the correspondent panels of Figure 1, as
— T explained in the following:

08 -06 04 02 00 (1) At high Er the response time is constant. It can be seen

Potential vs. E ., /V in Figure 2a tha€, (> C,@%)and in Figure 2c that, gt
0.2 > C,( e,,SUEg). Therefore eq 15 reduces to
] (c)
0.1 Tn= Tep (24)

-2

Log capacitance/Fcm

Log response time /s

2

0.0 In this regime one observes the lifetime of the free electrons
. \ in the conduction band, which is a constant, eq 11, without
01 - interference from trap effects (Figure 1a).
il (2) At Er < 0.7 eV in Figure 2d the response time increases
02 . linearly (in the log-linear representation). This occurs in the
400 500 600 700 800 domain at which still charge transfer is dominated by the
T./K conduction band state§, )zt > C,(59 egy(Ef), but in which

Figure 5. Representation of the response time in a DSSC as a function of the trap capacitance becomes larger than the conduction band

open-circuit voltage and several associated quantities. The DSSC simulationc@pacitanceC,© < C,{"aPs) From eq 22 we obtain in this case
parameters are as follows: = 300 K,L = 10 um, E; = 0.8 eV VSEedox
Ne=6.8x 102°cm3 Ny =1 x 100°cm3 Ns=1 x 108 cm=3, Ty =

E, - E_/eV

(trap)
600 K, Cox = 3 x 1019 cmi-3, ki®) = k(&) = 1 x 1015 ¢ 51, 4 = 0.40 _C, -
eV. The characteristic temperature of the surface trap defsityaries as Tn= c (cb) Teh ( )
indicated. (a) Chemical capacitance. The thick line is the total capacitance, U

showing the regions dominated by conduction band and bulk traps

capacitance. The thin lines indicate the surface trap capacitance. (b) The . . . .
response time. (c) Variation of the apparent oxidation energy, as estimated In this domain the response time dependence on the Fermi

from the local minimum of the response time in the surface traps-dominated level is governed entirely by trapping and detrapping (Figure
region, as a function of the characteristic temperature of the surface traps,1b) 814 (We remark however that trapping and detrapping time
for a bulk trap distribution witfTo = 600 K. constants are not resolved separately, due to quasi-equilibrium

tials), it is dominated by the bulk trap’s capacitance (assuming conditions, but their ratio is described by the ratio of chemical

Ny > Ns, as justified below) capac?t_ances in eq 25.) The slope of the line is dgtermineq by
the tailing parametefy, as shown by the expression that is
C () _ 2 N, o(Ee— T, 23) obtained from egs 5, 23, and 25:
' 0 N, T
_ ) ) 7. = L &Moo~ 1)Er — ElkeT, (26)
and by the conduction band capacitance, eq 5, when the Fermi "TNT, cb

level is close to the lower edge of the conduction band.
Figure 2b shows the probability of transfer from a given

energy level to the corresponding acceptor states in solu- (3) In the region of loweNoc values of Figure 2d the linear

dependence turns into a curved one. This is when the charge-

tion. These are distributed as a Gaussian with a pedk,at f . d by the distributi f surf
hich is situated a distance aboveE — E-.. Therefore transfer process is governed by the distribution of surface traps,
w redox = Ero. L Gy < < C,ey,(Er) (Figure 1c). Herd, (&) < < C,(s)

assuming that the bands are pinned, the maximum rate for chargen" e

S ence eq 22 simplifies as follows
transfer from surface traps occurs at the Iesgl which is the
point of barrierless activation, where the Fermi level is when (17) Fabregat-Santiago, F.. Garcia-Belmonte, G.: Bisquert, J. Zaban, A.:
Vo = —Ale. Salvador, PJ. Phys. Chem. B002 106, 334.
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C (raps) therefore
= 27)
n
C, P, *AEr) Ny AT E-E E&-E)]
. Tn= N.T.2 T (st) B kBT' * 4lkBT ( )
and we obtain the result s To2Coke Tk
N where
"R (si (28)
s €x (EF) 1_1_1 (31)
™ T, T

where the Fermi-level dependence mfreveals directly the
(reciprocal of) probability distribution in energy of the effective which can be either positive or negative. Equation 30 can be
oxidized levels in solution. Hence the response time in log- written in the Gaussian form in the following way

linear plot shows in this domain a parabollic shape determined

mainly by the value of the reorganization energyEquation N, T/ 472K, T ;{ (Er — Eé)2

47kgT (32)

28 also contains as a prefactor the proportion of surface traps Th = (st)e
to bulk traps. This is because the electrons in the bulk traps NT2Coxke Tk
have to be finally discharged from the semiconductor through
the surface traps, which act in this case as the recombination
centers. However, in contrast to eq 25, this fadtipfNs does UT
not imply in eq 28 a Fermi-level dependence, due to the Es= on'i‘? (33)
assumption of identical distributions in bulk and surface. Below
we show that, fodistinctdistributions, the shape of the lifetime _ AT 1
in this domain is still the reciprocal of the Gaussian. B=- kT2 + KT
The energy leveE = Er at whichC, )¢, 1 = C, S0, SU(EF) B
is the transition from conduction band to surface states dominant g wheriT, = Ty, the shape of,(Ef) in the domain controlled
charge transfer. This point is observed in the plots,as the by surface traps is still a reciprocal of the Gaussian, but the
change from the linear to the parabollic shape of the responseminimum, atEs, is shifted with respect t&ox.
time. Figure 3 _shows the gffect of mov.ing this intersection point  Tnhe effect of the distribution of surface traps is shown in
to more positive potentials by modifying the surface traps Figyre 5. Note that, for the exponential distribution, the chemical
number and consequently the strength of surface states Charg%apacitancé:,,(so in Figure 5a shows directly the shape of the
transfer. At the lowest surface trap density, lg@isplays a gjstribution of electronic states. Figure 5b shows that the tailing
nearly linear dependence with: which corresponds to the  harameter for the surface trajis has an enormous impact in
dorr_nnance_ of regime (2) up to low photovoltage. In contrast, tne jifetime at low photovoltages; note that the number of surface
by increasing the trap density, we eventually obtain that the aps is the same in all the examples. As the distribution becomes
intersectionC, e, = C,(Men(Er) occurs at an energy level  yqre shallow (decreasiny), the charge transfer through traps
aboveE,y. Then, the response time presents a behavior which i reduced significantly. Although the traps become more
at first seems peculiar, with a local minimum, but then it is gncentrated in the energy levels n&aat low Ty, this has no
recognized as an implication of the Marcus inverted region. sffect on the response time at high. because here, is
When the Fermi level moves through the surface states gominated by conduction-band transfer. So the overall effect
distribution, it scans the different values of the transition s reducing the depth of the exponential distribution of surface
probablitiese,(*", which are governed by the effective density a5 is similar to that of reducing the total number of surface
of states of acceptor levels in solution. This is shown more a5 jllustrated before in Figure 3. Additionally, the minima
cIearIy_ in Figure 4 using a lower reorga_nization energy than ¢ the parabolla in Figure 5b shift with respect g, toward
those in the previous examples. Herteg is closer toEreqox negative potentials at decreasifig and this is shown in more
so that the minimum is unmasked by regime 2, and Figure 4¢ getail in the plot of eq 33 that is presented in Figure 5c.
shows directly the complete parabollic shape of the fluctuating
energy levels in solution. 3. Experimental Section
2.4. Diferent Distributions of Surface and Bulk Traps.As

mentioned before, it is important to study the potential All chemicals were pL_Jrchased _from Aldrich Chemical Cp. ar_1d u_sed
consequences for our measurements of different distributions S "éceived. Nanosize TiGuspensions were synthesized using titanium
of traps in bulk and surface. Let us discuss in more detail the t?tra'SOprOpO)(.'de precursor. In brief, the titanium tetraisopropoxide

. . . . . dissolved at 1:1 ratio in 2-propanol was hydrolyzed by acetic acid pH
region (3) of curved line shape, '.” the case_ in which the bul_k 2 under rigorous stirring. After overnight aging, the 2-propanol was
and surface traps are characterized by different exponential

T oE ’ - evaporated at 82C, and the suspension was autoclaved at Z5@r
distributions,To = T (this extension does not affect the features 13 h resulting in 20 nm crystals. Conducting glass substrate, 8 ohm/

where

(E.— E) (34)

of regions 1 and 2 already discussed, providedat < N, square F-doped Sn@Libby Owens Ford) was cleaned with soap, rinsed
as expected for nanoparticles of siel5 nm). Instead of eq  with deionized water (18.2 K2), and dried in air stream. The TiO
28, we obtain from eq 27 suspension was spread on the conducting substrate by a glass rod, using
adhesive tapes as spacers. After the films were dried under ambient
0,(Ep) conditions, they were sintered in air at 480 for 30 min. The TiQ
W= e GO (29) films thickness measured with a profilometer (Mitutoyo Co., Sueftest
9«(Epesx (Ef) SV 500) was 4«m.
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Figure 6. (a) Decay of the cell potential in a dye-sensitized solar cell with 10 -08 -06 -04 -02 00
TBAI electrolyte following application of a negative bias (1.2 V) in )
the dark. (b) Comparison of the photovoltage decay (light) and the decay Potential vs. E ., /V

qf the potential foI_Iowmg an applied bias (dark). Lines cc_)rrespond to the Figure 7. (a) Photovoltage decays of a single dye-sensitized solar cell with
fits to the model discussed in the text. Parameters are given in columns 1 yitterent concentrations ofT, changing in the proportion indicated, with
and 2 of Table 1. ¢ = 0.05 M. Lines correspond to the fits to the model discussed in the text.
Parameters are given in columns 3 to 5 of Table 1. (b) Rescaling of the
The electrodes were sensitized by the N3 adygdi(isothiocyanato)- data after dividing by 3 the data ef for c/3.
bis(4,4-dicarboxy-2,2-bipyridine)ruthenium(ll)] (Solaronic SA Co.). For
dye adsorption the electrodes were immersed overnight in a 0.5 mM

solution of dye in absolute ethanol. To avoid water, the films were e L . -
heated to 120C before immersion in the dye solution. constant lifetime by predominance of direct transfer from

A sandwich type configuration was employed to measure the condgctlon .band sFates was detegted. This region where the
performance of the dye-sensitized solar cell, using a F-dopec Sno Fermi level is entering the conduction band cannot be reached
film coated with Pt as a counter electrode. The distance between thePY illumination, and so it was not found in the previous werk.
two electrodes was fixed to 5m by two Teflon spacers. This spacing A comparison between the photoinduced OCVD and the applied
between the sensitized electrode substrate and the counter electrod&oltage decay is shown in Figure 6b. The figure confirms that
that served also as a reference electrode is important for high both decays show nearly the same shape in the region where
reproducibility of the results in this thin cell configuration that lacks a  the former can be measured (from the maximum photovoltage
real reference electrode. The electrolyte solution consisted of 0.5 M ~; 0.8 /). We can see in Figure 6 that, below 0.8 V, the lifetime
tert-butylammonium iodine (TBAI), 0.05 Mzlin 1:1 acetonitrile/3- begins to increase exponentially, corresponding to the domain
methyl-2-oxazolidinone (NMO). In the case of the'lased electrolyte, 5 jis0 ssed before, where lifetime varies due to the change of
0.5 M Lil was used instead of the TBAI. lllumination of the cell was . . . .

the rate of trapping and detrapping, but still charge transfer is

done with a 150 W Xe lamp calibrated to 1 sun. . . .
For the photoinduced OCV decay measurements, the cell was dominated by conduction band transfer. Finally, below 0.6 V

illuminated to a steady voltage. The illumination was turned off using the (?'ata display the parabollic shape that correspoqu to the
a shutter. The app“ed V0|tage decay and the open circuit photov0|taged0m|nant transfer through surface states at the Fermi level. So

decay were recorded using an Ecochemie potentiostat equipped with aFigure 6 displays all the features that were predicted in the model
short interval sampling module. Typically the measurement interval outlined in section 2 of this paper. In addition, the fits of the
was 106-50 ms. The OCVD analysis refers only to values measured data in Figure 6 to the model, and also at varying concentrations
after the shutter obtained full darkness. of the electron acceptor, Figure 7, gave excellent agreement.
Least-squares fitting of OCVD results was done with a specific code The results show that the model developed previously estimates
(available_ as Supporting Information) written for SigmaPlot software. 5| tne relevant aspects of the DSSC, concerning recombination
Thidens'ty of Cor.‘ducnon ban_d states was takeNas 6.8 x 10 process and the response time, that are recorded in the quasi-
cm3, and layer thickness, ds= 10 um o
equilibrium measurement of OCVD.
4. Results and Discussion Our results also establish OCVD as a technique with an
enormous power of resolution for obtaining the microscopic
Results of OCVD for DSSC with a TBAcation in different parameters governing recombination in DSSCs. We have
conditions are presented in Figures 6 and 7. The results of theobtained from the fits eight independent parameters for recom-
fits to the model are shown as lines, and the parameters listedbination in DSSC: the densities and tailing parameters of both
in Table 1. The more complete cureg(Vo), concerning the bulk and surface traps; the reorganization energy; the position
different regimes of behavior commented above, was obtainedof the conduction band with respect to the redox energy; and
by applying a negative voltage and monitoring the subsequentthe rate constants for charge transfer both from conduction band
decay in the dark and is shown in Figure 6a. By this method, and surface states. Depending on the detailedness of features
it was possible to probe the response time up to very negativeof the curves, and the width of the potential window, some of

open-circuit voltage, and the region 1 (Figure 2(d)) of nearly
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Table 1. Parameters for Distribution of Semiconductor and Electrolyte Electronic Energy Levels and Rate Constants for Charge Transfer in
Dye Sensitized Solar Cells

TBA*

cation dark light Cy C,=Ci3 C3=Ci5 mean L

data (curve) (Figure 6) (Figure 6) (Figure 7) (Figure 7) (Figure 7) value? reproducibility® (Figure 8)
logio(Np/cm3) 20.0 19.7 20.8 20.4 20.2 2020.4 20.5+ 0.5 19.7
logio(Ns/cm™3) 18.4 17.8 19.3 18.6 18.1 18 18480.2 17.8
To (K) 587 828 523 544 515 598 120 530+ 30 802
T1 (K) 446 674 354 391 388 456 120 360+ 50 600
A(eVv) 0.375 0.454 0.338 0.371 0.361 0.38®.040  0.33+0.09 0.486
Ec — Eredox (V) 0.891 0.891 0.89F 0.89F 0.89F 0.89 0.89% 0.961
A= k®leoy (s 2.86x 10° 1.58x 10 2.79x 108 1.04x 106 1.09x 10° (9+9)x 10" 9.04x 10°
Ast= ki®coy (571 1.56x 10¢ 6.83x 10° 7.52x 10¢ 1.93x 10*  1.25x 10* (9+5)x 10 1.02x 10*
k() (cm? s7)d 9.50x 107> 524x 101 9.27x 10 1x 107 3.00x 10714
k(s (cm? s~1)d 5.18x 10716 2.27x 10716 250x 10°1° 1x10°% 3.38x 10716
Ac(C1)/Act(Cy) 26.8 25.5
As(C1)/As(Cy) 3.88 6.01

a Average of previous column8Average and standard error of 3 measurements at Barameters fixed during fif. Obtained using the value &fand
Cox = 3.01 x 10" cm~3[0.05 M].

the parameters are determined with high statistical confidence,particles of 10 nm radius, the number of surface traps is about
while others less so. For the curve labeled TBdark (see 4 per particle. The surface state distribution appears to be much
column 1 in Table 1), the confidence level 99.99% is only more shallow, withT; = 450, than the bulk traps. This is
attained by parameteiiy, T1, and4, and only by in the case relevant for interpreting the curved low photovoltage region.
of DSSC with Li" (column 8). For the rest of the parameters, Indeed, the minimum of the parabolla that is observed in Figure
the standard errors obtained are of the same order as those of is displaced negatively 0.1 V frof,y, according to Figure

the parameter values. For the fits labeled TBlight, C;, C, 5c. Therefore th& level is at 0.38 eV V& edox @S confirmed
and G (columns 2-5), the confidence level 99.99% is by the fitting results in Table 1. This is the value of reorganiza-
attained by all the parameters except for Mg@ndk (the tion energy for 4~ in the presence of the TBAcation.

E: — EredoxVvalue has been prefixed in these cases). In this sense, In the literature, there are alternative explanations for the
the values found for these last parameters have to be taken agifetime dependence on Fermi level, based on a second-order
an estimation. In Table 1 the mean value and dispersion dependence of the recombination rate on the acceptor concentra-
statistical error of the parameters of DSSC with TBdbtained tion* or electron density. So it is important to check the
with high confidence level by fitting are listed (column 6), while, pressupositions adopted here where the recombination is clearly
for the other parameters, only the value order is indicated. In linear in both electron density (at the different kinds of
all cases the regression coefficient of fitgfs> 0.998. It was semiconductor electronic states involved in the process) and
found necessary to use all the independent parameters enumecceptor concentration, eqs 80. First we note that the variation
ated above; for instance if the same tailing paramefgrs T, of the lifetime with the electron density in Tihas been taken
is considered in the fit, the? diminish, while considering the  into account by our model which is in detailed agreement with
same rate constant for transfgf? = k{?), the density of traps  the experimental results of(Voo). The reasons for the variation
obtained is anomalously high. of the lifetime in this model, due to factors such as trapping
Additionaly, to confirm the reproducibility of results of this ~and detrapping and distribution of the electronic states, have

experimental method three independent measurements afeen discussed already. We remark that despite the linear
concentration € were performed in the same sensitized Kinetics of charge transfer the lifetime is not constant due to

electrode. The different curves(Voo) are similar to that of ~ the thermodynamic prefactor in eq 25 and to the Marcus rate
Figure 6 and are practically overlaid so they are not shown. N €d 28. The conclusion that the rate of recombination is of
Each curve was fitted independently, and the mean values offirst-order in electron concentration in each kind of state is in
parameters and their standard error obtained from the multiple @dreement with previous repofs.

measurement are reported in column 7 of Table 1. It can be In addition we have performed measurements of the lifetime
seen that the dispersion of parameters is typically-616%, for varying concentrations of the acceptor species while keeping
which is a reliable accuracy for this photoe|ectr0chemica| constant the rest of the conditions of the solar Ce", shown in
experiment, except in the parameters A related to the rate Figure 7. The resulting parameters are given in Table 1. The

constants for charge transfer, which are less resolved. results for the charge transfer parameter through surface traps,
At (Table 1), show that the lifetime scales linearly with the

acceptor concentration. Note that this parameter is determined
for a wide windowAV, ~ 0.5 V, while the results foA, are
affected by high uncertainty, as commented previously. Re-
scaling of the curves differing by a factor of 3 in acceptor
concentration presented in Figure 7b shows that therf.)
curves nearly overlap. In contrast to this, the results of ref 4 by

We discuss the main implications of the quantitative results
obtained from the data. We remark that the simplification of
the model to equal distribution of bulk and surface traps+
Ty, gives very poor fits, which indicates clearly that the surface
states in nanostructured Ti@ave different features than those
of bulk traps. Bulk trap densities in the range?d6m—3 with
an exponential distribution have been determined, with a tailing
parameterTo = 600 K. The density of surface traps in the (18) Haque, S. A.; Tachibana, Y.; Willis, R. L.; Moser, J. E.;'Geh M.; Klug,
exponential distribution is 1/100 less than bulk traps, and for D. R.; Durrant, J. RJ. Phys. Chem. B00Q 104, 538.
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IMVS proposed a scaling of the typg 0 co%; however it is 2
possible that these results have been influenced by a sideways
shift of the 74(Voo) curves by the change d:. due to the
variation of the Li" concentration.

Having obtained detailed information from kinetic determi-
nation of the lifetime, we can now discuss the relative
significance of the different routes for recombinatiorstgady

Log response time t./s
o
1

statg which is a central issue for the solar operation. From the 2 : : :
previous analysis of the lifetime, it was concluded that the main 08 06 04 -02 00
recombination mechanism is a function of the Fermi level; at Potential vs. E, .y, /V

low Vo, the surface traps domma.te the transference,_ mamly dueFigure 8. Comparison of the model results (thin line) with the measurement
to a low ocupancy of the conduction band states, while the latter reported previousfyof the response time in a DSSC with*L¢ation by
dominate at high photopotentials. In the working conditions of open-circuit photovoltage decay.

the solar cell, most of the Tinanostructure will be in a state

of a high Fermi level. In principle the conduction band states 1 i, order to remove the surface states from the region of high
must provide the main pathway for charge transfer, but all the density of acceptor levels.

surface traps are below the Fermi and also contribute to the
recombination. Using the average parameters given in Table 1,
we calculate the rate of electron transfer from Fit® the
acceptor ions, at the maximum photovoltage of 0.8 V. From eq
9, we obtain for the conduction band transfgf® = 8 x 107
cm—3 s~ L The total contribution of the surface traps is given

by

Finally, results of a DSSC with i cation reported previ-
ously® have been fitted to the model reported here and are
presented in Figure 8 and the last column of Table 1. It is
appreciated in Figure 8 that the data contain the regimes 2 and
3 of the lifetime, though not the stabilization of the lifetime at
high Fermi level. The parabollic region of regime 3 (not
discussed in the preliminary model given in ref 6) can now be
o E « appreciated. In Li it is less visible than in the TBA cation,

Foc) = J‘Eredox 9(E) f(E.Ep) &,*(E) dE (35) due to the fact that the reorganization energy ih isi larger,
0.48 eV, than that in TBA. More extensive characterization
and the integration gives,® = 2 x 107 cm~ 3 s~ L. This of DSSC with Li cation by this method will be presented

result is important because it shows that the surface traps maye!sewhere.

provide a significant contribution (20% in our photoelectrodes)

of the recombination losses. It follows that surface treatments 5. Conclusions

that eliminate the effect of surface traps (this could be achieved,

for example, by coating with ultrathin oxide laggmay lead A combination of electron lifetime measurement in nanopar-

to a significant improvement of the conversion efficiency of ticles as a function of the Fermi level position at high resolution

the solar cell. It should also be remarked that the contribution in the potential scale, with a new model to describe this

of the surface traps is relatively much more significant at lower dependence, provides a powerful tool to study the electronic
values of the Fermi level, when many surface states have a highProperties of nanoparticles in solution. We show that placing

probability of being occupied, while the free electron concentra- the nanoparticles on a conductive substrate allows extraction
tion is very low. For example, repeating the calculatioVat of eight parameters related to the electronic paths in the

= 0.4 V, we obtainre( = 2 x 10" cm 3 s~ andro,s) = 9 nanoparticles, the distribution of trapping states in the particles
% 10" cm3 571 So 1, is similar between 0.8 and 0.4 v  and rate constants for the electron reaction with electrolyte.
open-circuit photovoltage at steady state, whilé® decreases Regarding the specific system examined, the dye sensitized
by 6 orders of magnitude. solar cell, we find three voltage dependent regions in which

It must be recognized that the effective Gaussian distribution the lifetime is dominated by different factors: (1) a constant
of acceptor levels plays a dominant role in the recombination lifetime at high photovoltage, related to free electrons; (2) an
properties. Indeed from eq 11 it is found that the density of €Xxponential increase due to internal trapping and detrapping;
acceptor states at the conduction band legl 0.89 eV) is and (3) an inverted parabolla at low photovoltage that corre-
a fraction 4x 1076 of the density at the peak Bty = 0.38 eV sponds to the reciprocal of the density of levels of acceptor
(Figure 1). So while the recombination through conduction band €lectrolyte species, including the Marcus inverted region. The
states is favored by their much larger density and larger rate results provide guidelines for improvement of the performance
constant, the surface states contribution is large because theyf the dye cells.
match much better the available acceptor levels. Thus the
reorganization energy appears to be a crucial factor for control-
ling recombination in DSSC, especially for placing the transfer
through conduction band deep into the Marcus inverted region.
Besides the possibility of passivating the surface traps, we point
out that it may be favorable to decrease the tailing parameter JA047311K
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