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The processes of charge separation, transport, and recombination in dye-sensitized nanocrystafimarTio

cells are characterized by certain time constants. These are measured by small perturbation kinetic techniques,
such as intensity modulated photocurrent spectroscopy (IMPS), intensity modulated photovoltage spectroscopy
(IMVS), and electrochemical impedance spectroscopy (EIS). The electron diffusion coeffizieand electron

lifetime, 7, obtained by these techniques are usually found to depend on steady-state Fermi level or,
alternatively, on the carrier concentration. We investigate the physical origin of such dependence, using a
general approach that consists on reducing the general multiple trapping kinetic-transport formalism, to a
simpler diffusion formalism, which is valid in quasi-static conditions. We describe in detail a simple kinetic
model for diffusion, trapping, and interfacial charge transfer of electrons, and we demonstrate the compensation
of trap-dependent factors when forming steady-state quantities such as the diffusionlgrmtthe electron
conductivity, ay.

1. Introduction diffusion coefficient on the electrochemical potential of elec-
trons, i, (also denoted quasi-Fermi lev&,).> ° For DSSCs,

a large variation of the electron lifetime with increasing light
intensity has been reported as welf:11 From these observa-

Spatially heterogeneous mixtures of nanometer-scale con-
stituents form new classes of solar cells. These solar cells,

fggj)'(sslggctg; {aes%rgﬁénuaét'ﬁ] n Oglsﬁ]rre]'rg():: duchogtgsgﬁga;?c;ﬁétions, it is often inferred that trapping mechanisms mediate
molecules ar)é "te a eal% pdye 0 eas processab'l't %f thetransport and recombination in nanostructured semiconductors
u'es, guite appealing du yp my permeated with a conductive phase?1214 A major research

\T?tert'i? s |rr11 ?Jalrtg? s(;:a\l;ia, éz?_ﬁw'gg E’rorr?'fj[?z fgr cTerap ﬁmd effort has been aimed toward measuring the “effective” variable
ersatiie photovottaic devic € dye-sensitized solar ce diffusion coefficient,D,, and the “effective” variable lifetime,

EDSSfC) IS ; hert]erogerlmeous solar tci:l' where t_?ed (éarnersrm observed in DSSCs in different conditions. In this paper,
ransterring the chemical energy created in an excited dye are, o 4im at a petter physical understanding of these effective
electrons in nanocrystalline Tg&nd redox species in a liquid parameters

electrolyte. Besides being highly efficient for light to electrical An interesting observation on the effectigandz, has been

energy conversion, the DSSC is a good model system for theindicated by Peter and co-workers. They found that in some

heterog_en_eous pho_tovoltaic converters becaus_e the diﬂeremcases the product of these quantities compensates to a large
phases in it are continuously connected and physically separatedextent forming a nearly constant electron diffusion lengtfs

In general, the heterogeneous configuration is widely inves- on aﬁother hand. recent measureniéntf the electro’nic
tigated because it has the advantage of providing a huge intemakonductivity, 0w, of nanostructured TiQin aqueous electrolyte

area where_ charge separati_on can be rea_lized following exc_:ita'show an increase of nearly 60 mV/decade over a wide range of
tion of the light absorber. It is also essential for the conversion Fermi level positions with respect to the conduction band

efficiency to maintain the separated carriers in their respective otential. This dependence can be explained by an expression
nanoscaled independent channels until they are collected at th

oo - f the type
contacts. Therefore, the determination of quantities such as the P
diffusion coefficient and the lifetime of the different carriers &
becomes a central issue in the investigation of these devices. o, = El'nCDO 1)

These time constants are obtained by small perturbation kinetic
measurements that do not modify the steady state over which . . . .
they are measured. Examples of the techniques are intensit))"’h'_arenC is the denS|t_y of_free elec_tr(_Jns in the conductlon_band,
modulated photocurrent spectroscopy (IMPS), intensity modu- ?]O IS th?_ con?tant d'foS'Ohn Coeﬁ'c'em fc;}r fr(ra‘e eIe(I:troass
lated photovoltage spectroscopy (IMVS), electrochemical im- El'he positive e emt;ntary charge ihﬂr IS tbet erma %nergy. d
pedance spectroscopy (EIS), and small amplitude time transients, l:s’ It aprf)eakrst agfquagtltlestt at tcan tﬁ mlezf':\suret' at steady-
The results of these techniques in nanostructured semicon-> ate, SUCh asn andon, do not contain the information on
trapping and detrapping effects that is obtained wbgnis

ductors and DSSCs indicate the dependence of the electron - e .
measured directly by kinetic techniques.

* To whom correspondence should be addressed. E-mail: bisquert@uii.es. Fer these gnd other reSUItS'.It appears .relevant to Cla“.fy
t Universitat Jaume |. the interpretation of photophysical quantities measured in
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. 2. Chemical Diffusion Coefficient
A C _ . L
Ec e = 2.1. Kinetic-Transport Formalism. We state the kinetic-
= o _|; transport equations in the MT model for a single kind of trap,
3 | Y consisting on the equations of conservation for free and trapped
8| Ep b o iimmi \ electrons and Fick’s law for the free electrdris:
o - - - - i
c - - - _ -~ i
S . - : N, 4
% i _— i -3 F EZ —&—ﬁnc[l—fL] + eNf, (2)
E _ / E M pley )= ef 3
" semiconductor redox redox ot _ﬁN_L[ —fi] —€f, 3)
nanoparticle electrolyte
Figure 1. Schematics of the steps involved in transport of the ang
photoinjected electron and the recombination with the oxidized species J=—-Dj— 4)
in the electrolyte in a dye-sensitized solar cei-df shows the position X

of the Fermi level in the dark, equilibrated with the redox potential . . . . .

(Ereaoy) Of the acceptor species in solutiofEx() is the (quasi)Fermi HereN_ is the total density of localized sites (per unit volume),
level of electrons under illumination arf is the conduction band  fi is the fractional occupancyy( = N.f.), andJ is the diffusive
energy. The following steps are indicated: (A) Electron transport flux of conduction band electrons. The rate constant for electron
through extended states; (B) electron capture and thermal release at agapture is determined by the thermal velocity of free electrons,

exponential distribution of band gap localized states; (C) electron ,, ihe electron capture cross section of the trgp,and the
transfer through conduction band to the fluctuating energy levels of d'ensity of trapsN. '

oxidized species in solution indicated in the right; (D) capture by and
(F) charge transfer through surface states.

B =N_us, ()

the time constants obtained from kinetic measurements and the
steady-state quantities such as the electron diffusion length, thel Ne rate constant for electron thermal release from the trap to
electron conductivity, and the incident photon-to-current conver- the conduction band is related foby Shockley-Read-Hall
sion efficiency (IPCE). Indeed, both classes of parameters Statistics®
indicate a different kind of information. The former refer to N
the time fo_r recovery of equilibrium, elthgr t_)y transport or € =—°ﬂ exp[—(E, — E.)/ksT] (6)
recombination, i.e., they correspond to a switching time, whereas N,
the latter refer to stationary operation and determine the
photovoltaic efficiency of the device. Here,E. is the lower band edge enerdy, is the energy of the

It is important, therefore, to examine the relationship of time localized state in the band gap, aNgis the effective density
constantsD,, and z,, obtained from macroscopic evolution of ~0of conduction band states. Equations-£ can be readily
carrier densities, to the microscopic assumptions on electronicextended to a distribution of localized levels. We have omitted
transitions and distribution of states, to see how these constantsin these equations the rate of interfacial charge transfer
describing in principle different phenomena in the solar cell, (recombination) which will be considered in section 3.
relate to each other and how they behave when they are From eq 3 in steady statéfi/ot = 0, it follows that the
combined to form other important quantities such as the IPCE. electrons in the free and localized states maintain an equilibrium
To analyze these questions, we outline a relatively simple kinetic with a common value of the Fermi level,. The occupancies
model for diffusion, trapping and interfacial charge transfer of in the two kinds of states are given explicitly by
electron carriers in a nanostructured semiconductor permeated

with a redox electrolyte. We will use the multiple trapping (MT) n, = N gl EfkeT (7)
model for transport and charge transfer illustrated in Figure 1.

This model is adapted to nanostructured semiconductors from f = 1 8)
a wide experience on disordered semiconductors. The MT L1+ B AnkeT

transport, is summarized by Shmidilrand Tiedje and RosE,

and was applied first by Vanmaeckelbetdior nanoporous Note that, in egs 7 and 8, the Fermi leyglcan be maintained
semiconductors, and extended by many workers in the DSSCat a different value than the redox potential in solutiBRgox
area?>6912 The key feature of the MT framework is the (assuming that the exchange of electrons at the oxide/solution
restriction that only free electrons contribute to the diffusion interface is slow). This is @onstrainedequilibriun?® of the
current!” Diffusion by direct hopping between localized states system formed by the electrons in extended and localized states
is also possible in materials with a wide distribution of traps, in the nanoporous semiconductor in contact with redox elec-
but this mechanism will not be considered in this paper. For trolyte. If the constraint (bias potential or illumination) is
trapping and recombination, the ideas formulated by Rass removed, then the system equilibrates all of the electrons at the
be adapted to DSSC as indicated in ref 11. Here we combinesame electrochemical potential, and in this casehas the
both aspects, MT transport and recombination, in a single modelunique valueEegox

that may be considered a working model that gives an overall We now define the conditions that enable the reduction of
view of the more relevant phenomena in the DSSC and showsthe MT framework of eqs 24 to the conventional diffusion
clearly the interconnection between measured quantities. Theequations, consisting in the ordinary conservation equation and
meaning of the Fermi-level dependence @f and 7, will Fick's law.

become transparent in terms of trapping factors and we will  2.2. Quasiequilibrium Condition. In general the quasi-static
show the compensation of these trapping factors when we formcondition applies in thermodynamic processes that are suf-
the steady-state quantitiég and IPCE. ficiently slow for the change to consist in a succession of
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equilibrium states. In our case, we are considering a system A on
composed by two classes of electronic states, initially at J= _Dn& (11)
(constrained) equilibrium indicated by the common value of the
temperature and the electrochemical potential in eqs 7 and 8.whereD, is defined as
When equilibrium afi, is perturbed by some external cause

(for example, injectingAn; electrons to the conduction band), D = 1 D (12)

the subsequent variationan{/at) and @n./at) are ruled by the n an_ °

instantaneous occupancies and transition rates described in eqgs 1+ on.

2—4. We define a particular kind of evolution as that which ¢

obeys the quasistatic condition and then, provided thab, is approximately independent of

position (homogeneous Fermi level), eq 2 can be expressed as

on_ on_ ang 9
at  on, ot ©) e 33

ot ox (13)
so that free and trapped electrons maintain a common equilib-

rium even when the system is displaced away from equilibrium. more generally in another pagems thechemical diffusion
In practice, this implies that trap relaxation is much faster that 9 y P
coefficientof electrons.

the frequency/times of interest in the measured phenomena, for . ) e
instance, faster than the transit time through the film while C!early, the.reduc.tlon of MT to flckean .d'ffl.JS'O.n of free
carriers is achieved in eqs +13. The simplification involves

measuring diffusion coefficient. Equation 9 may be written the removal of some internal degrees of freedom in the system
alternatively in terms of kinetic factors for trapping and (the occupancy of localized s?ates) that are not expl)ilcitly
detrappingni/onc = file. However, normally the principle of resolved in the quasistatic measurement but contribute to the

detailed balance (that states that for a system in thermal chemical diffusion coefficienD,, which henceforth becomes a
i e i ny
equilibrium, the rates of a process and of its inverse are equalfunction of the concentratiorDy(nc), or Fermi level,Dn(is).

and bqqucezzin detail) is taken as a representation of micr.OSCOpicl'herefore the experimental results of small perturbation qua-
LﬁﬁeéS'béllg}OE'xiuéh: r&ﬁiebﬁzrrlftggt: ljje‘atﬁlcl:%g)sl;lc?a%lt\é?s sistatic measurements consist on an ordinary diffusion process
anLlanq betweeg equilib?ium occupancigs in eq 9 appears more that takes place with the chemical diffusion coefficiddg, In

c e , .

. . other words, the transport-kinetic equations that describe the
fundamental in order to assert that the proportion of the rates measured transients o[r)frequency s?)ectra can be considerably
of change of populations of localized and free electrodis,/( L - oEEE N

Al : . simplified by checking that quasiequilibrium of trapping is
on/(dnd/ot), maintains those populations at the common equi- obei)/ed. In [))/ractice tr?is typeqof intgrpretation has brzerzengoften

librium values. ; . : )
. . adopted, as pointed out in the Introduction, and explained, for
We remark t.hat the factod/onc) is not the proportion of instance, in Appendix C of ref 26. Our analysis shows a quite
”““."ber of carriers, but rather the relation O_f variations induced general justification for this approach to the analysis of the data.
during the small perturbation that leaves invariant the steady The general significance of the result in eq 12 is confirmed

state. Incidenta!ly, it. IS found than, /on, [ nL/nclin.some cases particular cases found in the literature, for instance from the

(as in exponential distribution of traps), but this is not generally complete solution of the single trap model in B3&nd also in

true.. ) . . IMPSZ27 In these papers, eq 12 is obtained in the low-frequency
It is generally possible to establish the time scale of the jimit of the solution of eqs 24 for a small perturbation in the

trapping-detrapping phenomena, and the time constant of thefrequency domain.

process under consideration must be considerably longer to  The effect of trapping in the chemical diffusion coefficient

guarantee the possibility of using the quasi-equilibrium relation g important only insofar asn./an. > 1, as discussed further

betweenn. andf.. In the limit of long waves the relaxation  pejow. Therefore, normally it is justified to reduce eq 12 to the
time for trapping-detrapping is determined by the expression expression

w1 =B — f_ + n/N) + €. Long waves mean tha€ <
(Dor) 1, wherek is the wave vector determining the character- an,
istic spatial nonhomogeneities, and f_ correspond to some D,= ({)T)DO (14)
quasiequilibrium value of the chemical potential. In frequency -

methods, the characteristic patterns of relaxation functions show
the onset of traps relaxation @t~ 7%, see, for example, refs

23 and 24. There are conditions in which eq 9 is not satisfied
in the frequency window of the measurement, for instance if
the transit time is< ty; or else, if charge injection to the
electrolyte is rather fast.

The new coefficienD, obtained in eq 12 will be interpreted

It is worth to emphasize that in geneij(n;) andd/ox do not
commute, so that in conditions of nonhomogeneous steady-state
Fermi level (as in IMPS) eq 13 is not valid. The correct quasi-
equilibrium transport equation can be formulated using egs 4
and 10, which give

. 2.3. Reduction of Multiple Trapping to Orplinary Diffu- an, an, 32”c
sion. Hereafter, we assume, unless otherwise stated, that the — = Dy[=]—=0 (15)
measurement operates in quasistatic conditions. From egs 2, 3, ot N ox
and 9, it follows that . T . S
2.4. Chemical Diffusion Coefficient in Traps Distributions.
an \an In the gquasistatic approximation the factan(/onc)~* can be
( —L)—C: _d (10) calculated for any distribution of localized levels, with abun-
ang ot X dancyg(E) (the density of localized states, DOLS, at the energy

. E in the band gap) and occupancig$E — py), using the
Equation 10 suggests to form a new particle fldxas equilibrium distribution of free and trapped carriers indicated
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in eqs 7 and 8. In the approximation of the zero temperature sured, chemical diffusion coefficient on concentration or light
limit of the Fermi function, i.e., a step function & = u, intensity®>28 so that MT with the exponential tail of band gap
separating occupied from unoccupied states, a change of Fermstates indicated in eq 23 seems a plausible model for the DSSC.
level implies a change of localized charge corresponding to the Taking into account that

DOLS .
3nL n = EVc 9(ENL(E — &) dE = N_exp[@, — E)/KT (26)
e and using eq 7, it follows that
On another hand, for free electrons, the Boltzmann statistics of N
eq 7 gives n = —Lng (27)
NQ
n, n, ¢
o, KgT 17 In multiple trapping conditions. > n, i.e., the total charge
Not ~ N.; therefore, eq 25 can be written in terms of total
therefore electron density in the following way
8n|_ kBT Nc
(1-a)/
T = o9 (18) D, = Nl,anmt VD (28)

From eqs 14 and 18 a general expression is found of the

. e S0 It should be remarked that a continuous trap distribution usually
chemical diffusion coefficient:

causes specific patterns of anomalous diffusion. An analysis of
frequency features for multiple trapping diffusion in the presence

n
D,= ﬁ_g(ﬁn)_lDO (29) of an exponential DOLS is presented in ref 29. The time domain
B equations for fractional time diffusion in MT are discussed in
ref 30.

We illustrate this general expression with the derivation of two
cases obtained in previous workg?12

A . 3. Electron Lifetime (Response Time
For the box distribution of widthe_ ( P )

The analysis of the time constant for recombination in

9(E) =N, /e, (20) nanostructured semiconductors requires to consider two essential
factors represented in the scheme of Figure 1.
one gets First, the bulk of a nanoparticle may contain a large density
. NkgT of traps, e.g.,_with the exponential form of eq 23, W_here trapping
L (21) and detrapping phenomena take place, identical to those
an, NeeL analyzed before in relation with diffusion (process B).
On another hand, recombination is an interfacial charge-
hence transfer event and occurs in the surface only. Charge transfer
ne may involve a variety of interfacial mechanisms (conduction
D.= L D, (22) band and surface states, as indicated in Figur& 1pt us
"N kT assume for the moment that recombination occurs preferentially

) ) ) ) _ through the conduction band (process C), at a rate
which explains the phenomenological generalized diffusion

equations (withD, O nc) used in ref 3 for analyzing transient n.
photocurrents. Up=— - (29)
For the exponential distribution with tailing paramefgy no

(with & = T/To) so thatryg is the constant free carrier lifetime; that is, the lifetime

with respect to injection to the electrolyte, in the absence of

o(E) = expl[E — E)/kg Tyl (23) trapping.
kBT The measurement of the electron lifetime consists of deter-
mining the time for the system to recover equilibrium under a

we obtain from eqs 7 and 18 small perturbation of the steady state, by removal of the excess

an, N, carriers by recombinatiol. In DSSC, the lifetime can be

—=o—n ! (24) determined by monitoring directly the variation of the position

on Ng of the Fermi level with time (open-circuit photovoltage decay

. technique, OCVDJ! To describe this evolution, one can solve

and it follows that the kinetic eqs 24, where eq 29 is an additional term in eq 2.
o However, this is not necessary provided that certain conditions
D = N; nip (25) are satisfied. The effect of trapping and detrapping in the bulk

noaN ¢ 0 is simplified by the quasi-equilibrium condition of eq 9, provided

that the rate constants for trapping and detrapping are much
The resulD, O Ié’“, derived in equation A.11 of ref 26 for the  faster thanry. Therefore, the displacement of the Fermi level
effective diffusion coefficient dependence on light intendigy, involves the recombination by interfacial charge transfer of both
is similar to eq 25, assuming that; O lo. Experimental the trapped and free charge, and the observed time constant is
observations do show the power-law dependence of the mea-considerably longer thamy,.!® Furthermore, the process of
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conduction band transport (A) is assumed to be also fast so TCO Pt
that no relevant inhomogeneities of charge exist (this point is
further discussed in the Appendix). Then the time constant for
the decay takes the form

Ee,
n, ¥
Th = (1 + a—nc)‘[no (30)

) o ) __} —B A c—/ il
as shown in detail in a recent pagérEquation 30 was Figure 2. Schematics of the capacitive contributions in a dye-sensitized
formulated for amorphous semiconductors by R¥sand the solar cell: (A) Chemical capacitance due to increasing chemical
observed recombination time,, is denoted the response time. potential (concentration) of electrons in the Fighase, obtained when

In the casean_/an. > 1, in which trapping and detrapping the electrode potentiaV/, displaces the electron Fermi levek,, with

governs the response time, eq 30 can be simplified respect to the lower edge of the conduction bakd, in the
semiconductor nanoparticles. (B) Electrostatic capacitance of the
an Helmholtz layer (and semiconductor bandbending) at the interface
.= _t T (31) between the exposed surface of the transparent conducting oxide
n on no substrate and the electrolyte. (C) Electrostatic capacitance at Helmholtz

layer at the oxide/electrolyte interface.

Equation 31 implies a Fermi-level dependenceas we have o o )
seen above fob,. Using the exponential distribution of eq 23  The remaining transport equation is equivalent to the standard
in eq 31, we obtain with eq 24 the power law form on free diffusion model for DSS@‘.and contains no information on
electron concentration (exponential dependence on illumination trapping. This is because in the steady state the traps simply
intensity) that is usually found in measureméhts adjust their occupancy to the Fermi level. Accordingly the
diffusion length is given by a constarit, = +/(Dotno). The
aN; ., IPCE, which depends only dn, and geometrical factord,is
=—N Ty (32) also constant. Botlh,, and IPCE can be measured from the
N¢ steady-state photocurrent.

. N ) ) On the other hand, determinations of the diffusion coefficient
Besides injection from the conduction band, another important 54 jifetime by kinetic measurements proviBg and z,, as

recombination channel is a two-step process involving trapping giscussed in the previous sections. However, from egs 12 and

at band-gap surface states (D) and subsequent isoenergetig; e realize that the factorén(/ang) in D, andz, compensate
transfer to electrolyte levels (F). In addition, there may exist & \yhen forming the diffusion length from measured quantities.
distribution of surface states that participate in charge traf&fer. The result is a constant consistent with eq 33

The different possibilities have been analyzed theoretically in
ref 31, but experimentally, the details about the relevant levels = =

for charge transfer have not yet been clarified, and the subject Ly = v/Diln = v/DoTn (34)
lies outside the scope of the present work. However, it is
important to realize that the result of eq 31 is valid generally in
the quasiequilibrium conditions stated abdVvendeed, the

revious argumentation is the same when the quariityf e
b g quaniigt eq diffusion coefficient in MT Dy), and for response timerd).

31 involves a combination of interfacial mechanisms. In this a5 a
case, howevet,, may acquire its own dependence on the steady Peter and co-workers>and also Nakade et &thave reported
for DSSCs the compensating behavior indicated in eq 34.

state, as discussed in ref 11. In this paper, it was shown that eq
31 describes correctly the major features of the response time
in DSSC, but more work is necessary in order to establish the
details oft, dependence on Fermi level. In the previous sections, the DOLS of electrons was seen to
The analysis of transient decays in ref 32 in terms of exerta considerable influence over the measured time constants.
microscopic models for electrons transitions provides more Fortunately, the DOLS can be determined quite directly in
detailed insight into the temporal evolution of recombination nanostructured semiconductors, by measurements of capacitance.
mechanisms. Nelson et # pointed out that recombination in It is convenient to emphasize the direct relationship between
the multiple trapping regime is governed by carriers redistribu- the measured capacitance and thermodynamic function (chemi-
tion in the energy levels, and ref 33 confirmed this idea, which cal potential) of electrons, otherwise one may loose valuable
supports our simpler, quasiequilibrium approach. However, theseinformation by attempting to describe the capacitance in terms
papers did not calculate the steady-state time constants considef conventional ideas of dielectric constant and space-charge

The meaning of the compensation is clear when we note that
the origin of the factordn./onc) lies in carrier equilibration in
the energy space (process B in Figure 1), both for chemical

5. Chemical Capacitance

ered here. regions. Therefore, we try to clarify the point in the following
discussion.
4. Electron Diffusion Length 5.1. Electrostatic and Chemical Capacitors.The capaci-

tance of nanoporous semiconductor films can be determined in
several ways: EIS336cyclic voltammetry8’ or integrating the
current at differential voltage step&There are several physical
effects contributing to the measured capacitance, as indicated
in Figure 2. The process (B) indicates polarization at the
interface between the transparent conducting substrate (TCS)
n and the electrolyte, and (C) indicates the Helmholtz layer at
DO—C —t4+G=0 (33) the oxide/electrolyte interface. The former effect is important
M To when the electron density is low in the semicondu@tand

We now turn our attention to the measurements that are
realized in steady-state conditions, for instance by measuring
the photocurrent in the solar cell at a constant incident
illumination. In those cases, imposiig/dt = 0 andan. /ot =
0, egs 2-4 reduce to
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the latter when the density is very high and the semiconductor we find

enters the state of band unpinning. Both these contributions can

be thought of as ordinary electrostatic capacitors, where the cle) — ez% _ 2&
charges in two highly conducting plates sustain an electrical ch o, kg
field in between.

In the intermediate range of Fermi level variation, a different The second component of eq 36 is related to localized states in
kind of capacitive effect is found (A). The semiconductor bands the band gap. From eq 16, it is seen readily that this component
are pinned, and the charge accumulation is related to theis just proportional to the DOLS at the Fermi level
displacement of the Fermi level position with respect to the
conduction band edge, i.e., to a variation of chemical potential
of electrons,Ai, = Aun. Hence, the increment of charge
(electronic and ionic) occurs in the volume of the nanostructured
electrode with no concomitant electrical field variation in the In the case of the exponential distribution given in eq 23, eq 38
volume, because the electrical field is shielded near the PCS. provides the form
Therefore, (free) energy storage in the capacitor is by chemical,
not electrostatic, energy. As a consequence, it is a chemical
capacitor, and not an electrostatic capacitor.

To appreciate the physical basis for this new concept, we
remind that the impedance function can be defined generally We may also express eq 39 in terms of the free electron density,
for any thermodynamic system, and characterizes the linearin which case we obtain
response of the system to an applied fdtcéndeed, the
fluctuation—dissipation theorefd shows that the admittance is
related directly to the equilibrium fluctuations of the system,
and although the conductivity characterizes the irreversible
response of the system, a lossless element that indicates th
reversible response constitutes a capacitdhlreparticular, for o tral b . ) .

a volume element that stores chemical energy due to aIf It 'S C‘gh(:;)% Civ', as _requwed_ln the trappmg models,
thermodynamic displacement, the chemical capacitance per unit€5°IVing Cey” is not possible by simply measuring thew
volume is defined @8 frequency capacitance, which i€/ = ¢ + c) ~
cliar) 47 Note that both eq 37 and 39 show an exponential
HON; dependence with the bias, although with different slopes. The
C=ea—#. (35) ideal statistics of eq 37 give a slope (d l@dV) = —e/
: (2.3kgT), i.e., 60 mV/decade at room temperature. This is not
normally found in nanostructured TiOThe exponential ca-
pacitance is observed with a much less steep rise, of about 300

37)

an,
Ch =&, = o) (38)
n

oN,
C((:tlzap) = e . L o(in—EdlkgTo (39)

oN
clran) — eZkBTr:‘;ng (40)

%he two chemical capacitors in eq 36 are connected in parallel.

So the chemical capacitance reflects the capability of a system

to accept or release additional carriers with denjtdue to a mV/decade. This has been interpreted in terms of eq 39, i.e.,

. i . B
Ch_?ﬂge g]nter:rzllr Cr?esfi‘l';a:n?;ﬁm'ﬂgf ed 35 has been explaine OIthe manifestation of the exponential distribution of band gap
Y pny goreq P states which gives (d log/dV) = —e/(2.30kgTo),353" with To

Cloctioal el elaed 1o the lecuochenical potonial cference. ~ 1400 K. For instance, meastrements of capaciance of
between the leads is partially shielded and?t cannot propa atenanostructured Tigelectrodes in aqueous solution at pH 3 yield
P y Propagate, \ajue ofo = 0.25 and a total trap density of. ~ 10" cm

toward the surface of the plates of the capacitor, which causes_ 5 57 The exponential DOLS and mentioned (d BigV) values

a displacement of the Fermi level with respect to the conduction . i .
band. Bitiker et al** have shown that this effect introduces a Er:::tﬁfgélgs upported by the results of a stepping charge-extraction

factor proportional talr/du, in the electrochemical capacitance, It must be remarked, however, that the exponential distribu-

n Sa%regw:rgticva\?ltrégqai?t.ance in Nanostructured Semicon- tion that describes well different pieces of experimental data
- P (such as the chemical diffusion coefficient and lifetime) is so

?eua?ttlj)ries. i-lr;hiiahirg:fsétfsgiﬁggngﬁaéﬁc:gerIgl::rsrzi)nlsst;ngnea]?:l far a phenomenological formula the origin of which is not well
’ ' nderstood. So we choose to use in Figure 1 the simplest

measurements of the_se _electrodes in agueous _solution, this eﬁecgpproatch to describe this feature, which is a stationary distribu-
g?ﬁgsn?& ée;(r:gnae:tilgg:l\gle?je gfetr?t?af;ag?%tggéesi%Izrorderﬁon of electron sites related to intrinsic disorder, usually found
results(:}J are obtained in DSS‘@Bgsides the chémical capaci- in amorphous semiconductors. However, in doped crystalline
i S e pac semiconductors, the spread of conduction band states is caused
tance is a concept of crucial significance for solar cell applica- by local distortion of energies near the dopant atoms. In
tions, becausellt Qescrlbes propgrly th? splitting of Fermi IE’TVEB crystalline nanoparticles surrounded by electrolyte, interaction
caused _by excitation Of_ce?”'ers in the light absorber_ matétial effects between the electrons and ionic species that modify the
Considering the variation of the _ele_ctron density upon 2 electrons energy levels cannot be discarded to account partially
change of the local chemical potential in a DSSC, we obtain for the tailing distribution
for the total chemical capacitance As mentioned before, surface charging changes the potential
difference in the Helmholtz layer, producing an upward shift

C(ctr?t) — GZM (36) of the semiconductor energy levelg; = A¢n. The combined
ity effect of electron accumulation and partial band unpinning
implies that the Helmholtz capacitandg, is connected in
One may distinguish the two components in ef8Ehe first seried’ to the chemical capacitandg&, so that the position of

is related to the free conduction band electrons. Using eq 17,the bands will remain pinned insofar &, < Cy.
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5.3. Resolution of Free Carrier Time ConstantsWe have Traditionally, the chemical capacitance associated to the
commented that the chemical capacitance provides directstorage of conduction band electrons, eq 37, was observed in
information on the density of states in the nanostructured solid-state pn junctions at a forward bias and was termed a
semiconductor. It is important therefore to emphasize that the diffusion capacitance. This denomination, adopted recently in
measurements of capacitance indicate an exponential DOLS withsome papers in the DSSC ate&d (and also used by us
much higher capacitance than the conduction band componentsometimes), is not very fortunate because diffusion is an
clian) > c) j e, an./on. > 1, as this is a necessary requisite irreversible energy loss process, whereas the capacitance is a
for the interpretation of time constants in terms of trapping reversible energy storage element. It is well-known that diffusion
models that we have exposed in the previous sections. is caused by a local difference of chemical potentials. The

This point can be expressed in quantitative form, leading to chemical capacitance, distributed in space, is the element that
interesting consequences. Indeed note that the chemical diffusiorprovides a chemical potential that depends on the position. So
coefficient of eq 14 for MT model may be written, alternatively, the chemical capacitance is a prerequisite for diffusion (and this
in terms of the chemical capacitances of eqs 37 and 38, as is the reason the chemical capacitance is always a component

of diffusion impedancé? either in DSSCs or solid-state pn
cleh junction$253. However, the converse is not true, the capacitance

ch
= (41) of eq 37 is not diffusional in origif3
CERET q :

n

6. Electron Conductivity

So MT transport occurs whe@{?” > ) giving the result _ _ o
Another important quantity for many applications is the

C(?]b) electron conductivity, which can be measured in the steady state
h=—"Dy (42) as reported elsewheteIn the context of the MT model, the
clyar) electron transport is carried by a single kind of state, the
extended states of the conduction band. Carriers trapped in
which is identical to eq 14. Also eq 25 for the exponential DOLS |ocalized states do not contribute to the dc conductivity until
can be obtained from egs 37, 40, and 42. Similar identifications they are released again. The conductivity related to the electron

can be made with the response time of eq 31, i.e. diffusion process can be obtained from the generalized Einstein
Cﬁ‘ﬁa‘” relation
Th = " cp) Fro (43) an,
& 9= &5, Do (44)
n

In the previous sections, we have remarked that the time

constants measured in kinetic techniques are Fermi-level de-Whereu, is the chemical potential of electrons. From eq 37,

pendent,Dn(7in) and 7n(@,), as indicated in eqs 42 and 43. We can write eq 44 as

However, this is when the trapping degrees of freedom are ()

obscured in the quasi-equilibrium measurement, as explained 0, = Cen Dy (45)

in section 2. Now eqs 42 and 43 show that it is really possible ) _ _ )

to measure the free electrons diffusion coefficient and lifetime, @nd the standard expression of eq 1 is obtained with the second

Do andno, Which are determining the diffusion length, eq 30, €quality of eq 37. N _ o

but for this, it is necessary to resolve separately the free and L€t us analyze the conditions required for determining the

trapped charge through the correspondent chemical capacitancedree carrier difusion coefficient from the conductivity. From eq
As mentioned before, the low frequency capacitance gives 42, we can write the conductivity also as

only Cl® ~ clU) The EIS technique, for example, permits ~ ~ ~

theyobcshervatiocrq1 of relaxation of thg charge in eth)end%d states On= C(ctrrwap)Dn(ﬂn) = ezg(/ln)Dn(ﬂn) (46)

at high frequencies (cf. Figures 1 and 4 in ref. 23), where traps

do not respond anymore (i.e., breaking quasi-equilibrium at short The first equality of eq 46 shows that the quotient of quantities

times). In this way,C&” would be determined from high- 0r/Cen, Which can be measured at low frequency,(cglves the

frequency data. Note that this procedure requires resorting tochemical diffusion coefficienDy, so again we nee@,” for

the complete impedance model including the traps relax- 9bté‘i“i”9D0- From e 1, we can obtailo from o if ne(Ec =
ation 23:47:49 in) is known, but this also requires to resolve the free electrons

In a similar way, it should be possible to separate free and COmPonent of the chemical capacitance.

trap components of the chemical capacitance by light absorption
techniques, and this is discussed in ref 46.

5.4. Relationship of Chemical Capacitance to Diffusion. In this paper, we have discussed the interpretation of
Although the manifestation of traps in the chemical capacitance photoelectrochemical techniques in nanoporous semiconductor
is a necessary condition for MT diffusion, as already remarked, electrodes in terms of the model for electron diffusion, trapping
it must also be pointed out that the measurements of capacitancen the bulk and recombination indicated in Figure 1. We argued
do not give detailed information on the diffusion process itself. that the effects of trapping appear in transient and kinetic
Chemical capacitance indicates the equilibrium distribution of quantities but not in steady-state quantities. Time constants such
electrons in the available states of the system or, more generally,as the chemical diffusion coefficierid,,, and electron response
the chemical potential of electrons, but not the process of time, t,, are measured by means of small perturbation of the
transport between those states. The capacitance does not indicatgteady state. These time constants acquire dependencies on the
whether the localized states belong to the surface or interior of steady-state Fermi level due the presence of internal degrees of
nanoparticles, which is an important issue for recombination freedom corresponding to trapping and detrapping of electrons
models. that are not observed separately. In contrast, the free carrier

7. Final Remarks and Conclusion
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diffusion coefficient,Do, and the free carrier lifetime,, cannot ratio. Recent results of Nakade etalising this method show
be measured separately using techniques at quasi-equilibriumthat modification of the particles surface (by dye adsorption)
conditions. However, the free carrier time constants can be enhances the chemical diffusion coefficient significantly, while

inferred from Dy, 7n, and total charge relaxatiog!’, all of maintaining the light-intensity dependencelyf The author®
which can be measured at low frequencies, provided that remarked that these results indicate the presence of electron traps
additional information orfree carrier densityis available. In  located inside the nanoparticles. Indeed, in terms of Figure 1,

addition, quantities such as, on, and IPCE can be measured When traps near the surface are removed, the total deNgity
directly in the steady state. Kinetic effects of the multiple decreases, angh/an. in eq 14 increases by a constant value
trapping disappear ih,, o, and IPCE, because in the steady While the dependence &, on Er, persists.

state the trap occupancy remains stationary. In relation to this question, we comment in the Appendix on

lllustrations of our interpretation of measured time constants the very interesting results of Kopidakis et®&lthat were
with impedanc® and optoelectrical techniques (IMPShave published when this paper was nearly completed.
been mentioned. Another example of this is found in the model ~We have emphasized in this report that the factor/pnc)
of Vanmaekelbergh et &lthat considers a combination of imparts a Fermilevel-dependence to the time constants measured
processes in nanoporous Ei®lectrodes in aqueous solution.  in quasistatic conditions such &%i,) andz(in,). Considering
It can be seen form their results of the optoelectrical transfer for instanceDn(zn) in eq 14, it is appreciated that the kinetic
function (IMPS) (see egs 15 and 20 in ref 4) that the characteristics of transport appear through the conduction band
|Ow_frequency ||m|t’A|n/e(I)(0), Corresponding to Steady_state diffusion Coefﬁcient, Do, which is a constant, whereas the
photocurrent quantum vyield, is independent of internal traps Variable factor gn./onc) is related to local redistribution of
parameters_ On the Contrary, the IMPS freque@ﬁ,y17 related charge in the energy axis when the Fermi level is modified.
to the transit time asy = 2.5kwmin* is mainly determined by ~ Similar remarks can be made aba(il,) in eq 27. So the “time
trapping factors. constants'Dy(itn) andty(in) contain different components that
are either kinetic or thermodynamic in origin. It is interesting
K to carry out this distinction precisely, as one may be able to
extract relevant consequences from models without having to
solve them completely. This question is investigated specifically

in a separate report for the chemical diffusion coefficiént.

Having introduced different diffusion coefficients, i.e., the
chemical and free carrier diffusion coefficients, we may as
which is their relative significanceD, provides the time for
restoring equilibrium by transport when an excess of carriers is
injected, wherea®, determines (with the carrier density) the
carrier flux at the steady state. So one may be more interested ) L.
in one or the other depending on the particular device and Acknowledgment. Th|_s work was supported by Fundacio
application. For instance in photocopiers the transient behavior C@ixa Casteflainder Project P1182002-39.
of excess carriers generated by a flash of light, indicated by
Dy, is crucial, and this led H. Scher and others to identify the
anomalous transient-time dispersfdrin contrast, for solar cells, The authors of ref 56 have measured the time constants of
the main issue is the collection efficiency at steady state. psSCs with careful consideration to maintaining a homogeneous
According to the model illustrated in Figure 1, the compensation steady state and applying small perturbation, so the results
and response time (lifetime) is absolute, giving a strictly constant (response time)z,, that we have discussed above. We first
diffusion length, henceDo, and the free carrier lifetimesno, comment the many common aspects of their explanation and
appear to be the central physical parameters determining thegyrs, based on their observation of the features of time constants
solar cell operation. Nonetheless, we remark that frequency orynder modification of the thermodynamic function of electrons
time transient methods remain essential for the characterizationpy |ithijum intercalation. Thereafter, we consider a point of

of heterogeneous solar cells such as DSSC. Clearly, informationcontrast concerning the interpretation of the measured lifetime,

on quantities such a3, andt, is necessary in order to obtain n.

a picture of the dynamic behavior of the solar cell, and to clarify | ef 56, lithium ions were intercalated into Ti@ DSSCs

the transport and recombination phenomena that are relevangg sypstantial levels, either potentiostatically or illuminating the

for steady-state operation. solar cells for a long time. This modified the shape of the
The model outlined in Figure 1, based on the contributions exponential distribution for electrons, indicated by a large

of many workers, provides a description of disorder in nano- change of the tailing parameterthat is determined fror®,(noy)

structured TiQ, through the traps distribution, and shows good in eq 28, which is similar to eq 4c of ref 56. Furthermore, a

agreement with the main features of the measured chemicallinear model for recombination is formulated in ref 56 to obtain

Appendix: Diffusion-Limited Recombination

diffusion coefficient of electrons, ranging from 10to 1078 Tn(Mot). IN common with previous reports>28 Kopidakis et
(_:mz_/s depending on light intensﬁWgnd also with the electron al. find the conjugate tendencies i and 7, dependence on
lifetime dependence on open-circuit photovoltag&o inquire electron concentration that leads to their compensation,in

further which is the degree of reality of this simple model, and as we have also discussed, and this is maintained even under
how it should be improved, let us emphasize the main physical variation ofc. The authors also confirm that these huge changes
assumption behind the model: it is that there are many electronin the distribution of electron traps have only a small effect on
traps that do not act as recombination centers. For nanostructureghe collection efficiency of the solar cell, and they remark on
TiO2 the obvious realization of this feature is that there are both the significance of this point, which we have discussed also.
internal traps and surface states in the nanoparticles, as suggestego the results of this repot¥,and the explanation suggested by
in the scheme of Figure 1. Further evidence for the distinction its authors, are much in agreement and provide strong support
between internal traps and surface states remains important foffor the general approach to the interpretation of time constant
establishing this picture. presented here.

One way to approach this question is to change the size of We also wish to comment on a point of contrast between the
particles in the electrodes, thus modifying the surface-to-volume interpretation of the recombination mechanism in ref 56 and
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our approach presented in section 3. The other réfpbases intensities. It is believed that under normal solar conditions the
the interpretation of the response timgon a diffusion-limited recombination with 4~ dominates which makes it the only
(or transport-limited) recombination process. The Fermi level- relevant process from the practical point of vie¥f°According
dependence of the response time is obtained in their eq 12 fromto our understanding, Kopidakis et¥lbase the characteristics
the measured diffusion coefficient in the form O 1/D, (our of the response time on the relationshipg] 1/D,, and this leads
notation). This follows also from our eqs 14 and 31; however, them to select the much rares &s the dominant acceptor,
it should be noted that our expression fgiin eq 31! obtains because for this low-concentration species the time for the
the factor gn_/ane) directly from arguments of quasiequilibrium  electron to find a target for recombination would govern the
of free and trapped electron density, so that eq 31 does notz.
contain diffusion parameters, in contrast to eq 12 of ref 56. However, the initial assumption, 0 1/D;, is not necessary
Therefore, our model explains all the experimental results of to explain the variations of,. In our model,zn is the rate
ref 56 without assuming a diffusion-limited recombination constant for charge transfer, for any kind or concentration of
mechanism. the acceptor species. However the measuared (In./oNnc) 7o

This difference of interpretation raises an interesting point. IS much longer thanmmo, because the Fermi level cannot decay
The meaning of macroscopic time constants becomes a criticalout with equilibration of free and trapped electron density. The
issue for discerning microscopic mechanisms, as the observedesults of refs 32 and 33 also suggest that recombination is not
dependencies can be understood in different ways. So we should@overned by diffusion in configurational space but rather in
like to make a precision on the model of ref 56, and by the €nergy space (energy redistribution). Here, we reached this
way, we clarify also one of the aspects of our model of section conclusion on the assumption of the existence of a large density
3. The relationshipr, 0 1/D, indicated in ref 56 could be  ©Of traps in the bulk of particles. The results of Kopidakis et al.
misleading, because the measubBads the chemical diffusion ~ Would also seem to support this idea of internal traps, because
coefficient that describes diffusion under a macroscopic gradientthe intercalation of lithium into nanoparticles is affecting
of concentratiorts That is,D,, governs the flux that is measured Markedly the tailing parametex observed in the transport
in the transients of photocurrent of Figure 1a of ref 56. However, ParameterDy,. However, as remarked in section 5.2, the exact
during the open-circuit photovoltage decays of Figure 1b of ref €ffect that produces the marked departure from Boltzmann
56 for measuringr,, there are no such macroscopic fluxes, Stalistics is not clear yet.
because the electron distribution is basically homogeneous at N summary, the results of ref 56 do not prove the diffusion-
each time. The only option for gradients to occur seems to be limited recomplnatlon mechanlsm, that requires a scgrcity of
from the center to the surface of individual particles. For the acceptor species. The experimental results can be explained more
measured chemical diffusion coefficient of electrons on the order Simply on the basis of the normal electron charge-transfer
of D, = 1075 cn? s~1 and particles of radiua = 10 nm, the mechanisms in DSSC and a common origin of tl_1e_ Fermi_—level
time of equilibration of concentration gradients into 3i0 dependence of both measurBd and zn, which originates in
nanoparticles isqs ~ a/D, = 107 s, whereas the OCVD takes ~ an e_xponentlal _d|str|but_|on of traps in the bulk of particles. 'I_'h|s
a much larger time, on the order of = 10~ s. This is why last |de§1 de_scrlt_Jes major featur_es_, bo_t not so fa_r the details, of
the electron density can be assunteinogeneouduring the ~ €combination in DSSC, and it is likely that it should be
measurement af,, as argued in section 3, so that the diffusion improved with a more elaborated microscopic picture. In this
coefficient does not appear in our eq 31. In comparison, the S€nse, the model suggested in ref 5_6 isa rather |nt¢rest|ng idea
circumstances are very different for the lithium intercalation that shows the need for determining the relationship of
process that is considered by Kopidakis et al., because theMacroscopic, steady-state time constants, to microscopic models.
chemical diffusion coefficient of lithium ions in metal oxides N particular, the connection between long-range electron
can be as low aBey) = 10712 cn? 571,57 s0 that the time for tran;port, energy reQ|str|but|on, and interfacial charge transfer
equilibration of gradients isgr ~ @/Deney = 1 s, and may ~ [€QuIres further studies.
dominate the intercalation phenoméfa.
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