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The electron lifetime 7, in dye-sensitized solar cells (DSC) is a central quantity to determine the recombination
dynamics in the solar cell. It can be measured by several methods: impedance spectroscopy, IMVS, stepped
time transients, and open-circuit voltage decays. The paper aims at a better understanding of this fundamental
parameter. We summarize the main models that describe the lifetime dependence on bias voltage or carrier
density, and find that there are two complementary approaches to clarify the structure of the lifetime. The
first is to treat the lifetime as a product of the chemical capacitance and recombination resistance. This approach
is important because the resistance largely determines steady state operation characteristics of the solar cell
close to open-circuit voltage. The second approach is based on a kinetic model that describes in detail the
different processes governing the decay of the carrier population in a measurement of 7,. The lifetime is
composed of a trapping factor and a free electron lifetime. Since the diffusion coefficient contains the reciprocal
of the trapping factor, it is found that a product (diffusion coefficient) x (lifetime) reveals the shape of the
free electron lifetime, which contains the essential information on kinetics of electron transfer at the surface
as a function of the position of the Fermi level. A model based on an exponential distribution of surface
states provides a good description of the voltage and temperature dependence of free electron lifetime and
diffusion lengths in high performance DSCs.

1. Introduction

Considerable research efforts have been devoted to the study
of mesoscopic dye-sensitized solar cells (DSC) since the seminal
demonstration! of their feasibility as a low cost photovoltaic
device. Charge generation on a DSC occurs on a molecular
sensitizer grafted on a nanostructured wide bandgap semicon-
ductor. Upon excitation of the sensitizer, fast electron transfer
occurs to the electron transport material. The oxidized dye is
regenerated from a hole transport material or redox electrolyte.
The two transport media are interpenetrated on a fine scale,
allowing for a large internal interface for carrier generation. DSC
devices with ruthenium sensitizers and liquid electrolytes have
achieved demonstrated efficiencies over 11% at 1 full sun, and
remarkable stability has been obtained using ionic liquids.
Alternative configurations of nanostructured sensitized solar cells
are raising a lot of interest. Quantum dot sensitized solar cell
(QDSCs) performance is increasing rapidly,>* and the use of
ordered semiconductor architectures such as nanotubes* could
improve the rate of electron transport and enhance diffusion
lengths in DSC.5

The operation of solar cells is based on the competition of
two basic processes.® On the one hand, photoexcitation and
charge separation (i.e., electron injection in TiO, and dye
regeneration in a DSC”#®) creates a photocurrent, which is a flow
of carriers toward the outer contacts. On the other hand,
recombination is an opposite flow that internally annihilates the
moving carriers.” Recombination normally increases with the
carrier density and depends (usually in exponential function)
on the bias voltage V between the outer contacts. At a certain
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potential, recombination flow matches the photocurrent, and this
equilibrium determines the open circuit voltage V. of the solar
cell.

In a DSC or QDSC, transport of separated electron and hole
carriers in their respective media is intercepted by interfacial
charge transfer. The understanding and material control of the
kinetic barriers that impede recombination are key factors for
improving the performance of these solar cells. Optical transient
spectroscopies have provided important insights in back electron
transfer’ and dye regeneration dynamics.® However, reasonably
efficient devices often contain a complex combination of
materials and surface treatments. Pushing performance up
requires the in situ determination of the recombination flow in
working devices.

Due to the complex morphology of these devices, direct
measure of the recombination current does not provide sufficient
information on the underlying mechanisms, and special methods
have been devised based on a small perturbation approach. The
solar cell is set in determined conditions of steady state by bias
voltage, illumination, temperature, etc., that remain constant in
time. A small variation of a stimulus signal (harmonically
modulated, or stepped in time) induces a small variation of the
response signal. Here “small” has a precise meaning: the
response amplitude is linear to that of the signal. By these means,
the quotient of both (the “transfer function”) is independent of
the amplitudes, and thus is a unique property of the steady state
conditions. In particular, the voltage-to-current transfer function,
usually termed impedance spectroscopy (IS), has emerged as a
major tool for DSC characterization.!!® Measurements with
IS technique provide a full picture of the processes determining
the operation of DSCs, and this allows for a deeper study of
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specific aspects, avoiding the contamination of side effects in
these complex devices.

It has become popular to characterize recombination in a DSC
by means of a characteristic time constant that is usually called
the electron lifetime, 7,. This can be measured by intensity
modulated photovoltage spectroscopy (IMVS),!"!¥ which is a
voltage-to-light transfer function. The electron lifetime can also
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be obtained by IS'*!° and by small amplitude step time transient
decays.?’"22 A widely used V,. decay method**?* is based on
the reciprocal time derivative of the open-circuit voltage decay,
normalized to the thermal voltage

= ey

kBT(dVOC)*l
T 5
n g \ dt

Here kg is Boltzmann’s constant, 7' is the temperature, and ¢
is the elementary charge. Another important quantity that gives
us insight in the recombination properties of DSCs is the
recombination resistance'!"!3

1 8jrBC !
rec = Z( av) (2)

where j.. is the recombination current and A is the cell area.
The dominant method to obtain R, is IS.107

Essential to good device performance is that the carrier
extraction time should be shorter than the recombination time.
Therefore many papers report the lifetime 7, in comparison to
the characteristic transport time 74, that relates to the electron
diffusion coefficient, D,, and active film thickness, L, as
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L2
Ty = D_ 3)

L, =D, “)

with the film thickness. Since the diffusion length is the average
distance that a carrier diffuses before disppearing by recombina-
tion, L, > L indicates good collection efficiency.

It is usually thought that the electron lifetime in DSC reflects
the basic kinetics of the recombination of electrons. In fact, we
would ideally like to reduce the measured lifetime to a set of
microscopic parameters describing a capture probability, such
as the formula for bulk homogeneous semiconductors

7, =—1 5)

V0N,

where vy, is the thermal velocity of electrons, o is the capture
cross section and N, is the density of recombination states.
However, in hybrid solar cells made of a mixture of nanoscale
phases, as in semiconductors containing numerous defect
levels,? the situation is generally quite complex. In fact 7, may
represent a combination of processes that depend not only on
charge transfer kinetics but on several of the cell constituents.

Despite hundreds of measurements of 7, having been reported
in DSCs, our general understanding of the physical meaning
must be rated as limited, as this is connected to the complexity
of recombination in DSC. The standard redox carrier in DSC
is iodine/iodide. The overall recombination reaction

I,” + 2e (TiO,) — 31" (6)

consists of a multiple-step mechanism, very probably involving
the species I,,” and one of the steps will be rate determining.
The oxidized species in the electrolyte may therefore be I,, and/
or I;7, and essential aspects of electron transfer are not yet
known in detail.?®

Aiming at progress toward a microscopic understanding of
recombination by charge transfer in DSC devices, in this paper
we try to clarify the structure of the electron lifetime in DSC.
Our main strategy is to outline a general model for 7, that
contains all of the main factors that intervene in the measurement
of 7,. We also suggest to discern in the lifetime the two
components that can be separately measured by IS: a resistance
and a capacitance. And we take an additional step which is to
identity the voltage dependence of a newly defined “free electron
lifetime”, that is directly related to the relatively small, but
important, variations of the diffusion length that have been
reported. We will discuss a variety of representative measure-
ments to support the discussion.

2. Definition of the Lifetime

The basic definition of the electron lifetime is quite simple
for a homogeneous system.”> We identify a given electronic
state populated with an ensemble of electrons with volume
density n. If the recombination rate per unit volume is U,, then
the decay of a population is governed by the equation

Bisquert et al.

dn _
@ = U )

We identify a small portion of the population much smaller
than the average value, An < <7, and this decays by the law

dAn (8l7n)

—_— = A 8
dr an Ji " ®)
Equation 8 is linear with An and provides always an

exponential decay that defines a lifetime in terms of the

recombination rate U,(n) as

(317,,)‘1
T, = 9)

on )

In the particular case that recombination rate is linear in
electron density

U =kn (10

n T

the lifetime is a constant 7y = k,~!. However, in general eq 10
is not the case, and 7, in eq 9 depends on the steady state via
the carrier density. Moreover, often it is necessary to expand
the kinetic eq 7 with trapping terms, in addition to the
recombination rate, see eq 20 below. Therefore the general
definition is

—__An
U = T dAn/dr) an

The measurement of lifetime in a DSC basically consists of
a perturbation of the Fermi level that induces the recombination
by charge transfer. It means that the definition (11) applies to
those measurements in which the excess carriers An are not
extracted at the contacts. In ref 23, it was shown that all the
methods mentioned in the Introduction to measure the lifetime
in DSC provide the quantity in eq 11.

We mention a different approach, which is to define an
apparent lifetime from eq 7 as?’

T = — n = — n
app (dn/df) U, (n)

(12)

It should be emphasized that eq 12 uses total density and
recombination rate instead of the small perturbation. However,
when U,(n) is nonlinear eq 7 does not give a characteristic time.
In fact it is well-known that nonexponential decay contains a
distribution of lifetimes.?® Thus 7y, in eq 12 cannot be measured
in general and must be obtained after some data treatment.

Equation 12 is commonly used in silicon solar cells, but there
one can separately measure at steady state the minority carrier
density by the photovoltage (or by several contactless methods,
such as photoconductance?®®) and the recombination rate (equal
to photogeneration), so that 7,,, can be measured under some
conditions, especially at low injection levels, and theory exists
to describe U,(n), even in the presence of defect levels or surface
recombination.*® This is very far from being the case in DSC.
An established physical picture for U,(n) in DSC is not available
(as the following discussion will show), and even interpretation
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Figure 1. (a) Scheme of a DSC device. (b) Basic energy diagram
indicating voltage injection of electrons (1) and holes (2) and
recombination (3) processes in a DSC. Also shown are the transport
energy levels and Fermi levels of electrons and holes, the potential V
applied between the contacs, and the potential Vi associated with
separation of Fermi levels. (c) The basic equivalent circuit for ac
electrical perturbation. (d) Characteristic impedance spectra measured
on a liquid electrolyte DSC showing the RC arc, and a small Warburg
(diffusion) feature at high frequency.

of how n is distributed in the different kinds of electronic states
is not exempt of problems. We thus restrict the discussion to
quantities that can be measured in DSC. The small perturbation
lifetime, that always can be measured in itself, is therefore called
here simply “the lifetime”, as most authors have done so far.
The need to measure the small perturbation lifetime was
progressively recognized in amorphous silicon®' and crystalline
silicon solar cells.?>%

3. Structure of the Electron Lifetime and Simple Model

A useful theoretical approach to the electron lifetime, with
important practical applications as discussed later on, is to relate
7, to equivalent circuit elements that can be separately measured
by IS. As introduction to this approach we use the basic model
of a solar cell described in Figure 1b, consisting on a light
absorber of thickness L and area A, where the Fermi levels of
electrons (Eg,) and holes (Eg,) are separately equilibrated to
selective contacts.® An external bias voltage V can inject carriers
and induce recombination, as shown in the figure, and cor-
respondingly, promotion of carriers to the high energy level by
photons produces a photovoltage. We point out in Figure 1b
the voltage Vg = (Er, — Ero)/q associated to the splitting of
Fermi levels. In a solar cell Vg is normally less than V due to
series resistances and other elements that can be identified by
IS. We assume that the Fermi level of majority carrier holes,
remains at dark equilibrium level, Ep, = Ego. This is usually
the case in liquid electrolyte DSC where the redox energy Eeqox
of I"/I37, is not significantly modified during operation.

J. Phys. Chem. C, Vol. 113, No. 40, 2009 17281

It is useful to underline that the simple model of Figure 1b
can describe the essential operation of crystalline Si solar cells
as well as DSC. The reason is that both kinds of solar cells are
predominantly controlled by the variation of a single electronic
carrier, and no space-charge effects that introduce strong carrier
homogeneities or large electrical fields for transport need to be
considered.'®3* Although this basic model is used as a common
starting point, we will also highlight the main differences
between the two types of solar cells, that are mainly related to
strong energy disorder in a DSC.

It is not difficult to calculate the response of the basic model
of Figure 1b in IS, and the result® is a parallel connection of
the recombination resistance R, and the chemical capacitance
C, as shown in Figure 1c. The lower value of C,, inherent in
an ideal model, is the chemical capacitance of the absorber.
However, in a DSC the dominant contribution to C, is the
electron transport material, the nanostructured TiO, as indicated
in Figure 1a.%® The density of electrons in the conduction band
relates to the voltage as

n

— (Epn—Ero)/ksT _— qVilkgT
c = M = nye (13)

Assuming the recombination process of electrons in the
semiconductor conduction band is given by eq 10, we have that
Jree = qLU = qLkn. and thus

-1 cb qVF
=R exp[——
0 kyT

(14)

R = 1 8jrec ! _ kBT
rec A

_1 _ 0,
Ve ALg’k,

The chemical capacitance for conduction band electrons is*

on ¢*ALn qV,
b c — c — b F
G = ALdyy = kT Cuo eXp[kBT] (15)
Therefore the lifetime is
_ b 1
Ty = RrecC; - E (16)

r

This characteristic time corresponds to the angular frequency
at the top of the arc in Figure 1d, o, = 7o' and an equivalent
result is obtained from IMVS. Taking a Laplace transform of
the frequency response function, it is indeed shown that such
frequency corresponds to the time constant for exponential
decay.?

Equation 16 effectively shows the separation of lifetime in
two main components. The rationale for this is that R contains
both a density term, which is precisely the chemical capacitance,
and a kinetic constant, so the product in eq 16 leaves only the
latter.

In Figure 2 we show the data of 16% efficient monocrystalline
p-type silicon solar cell where such reciprocal dependence is
realized.> The chemical capacitance, associated to minority
carrier accumulation, obtained at forward bias in excess of Vyp
= 0.5 V, and the recombination resistance, compensate to
provide a nearly constant lifetime at different illumination levels,
Figure 2d (data values at Vr < 0.4 V are discussed later on).
Contactless methods to determine minority carrier lifetime have
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Figure 2. Experimental data for a Si monocrystalline solar cell. (a)
Current density—voltage characteristic, under dark and at different
illumination intensities. (b) Cell capacitance, indicating the regions of
potential where the depletion layer capacitance and the chemical
capacitance are separately observed. (c) Minority carrier recombination
resistance. (d) Electron lifetime.

been used for many years in inorganic solar cells.?” The results
are in good agreement with the IS method.?337-38

In the denominator of eq 5 we have given the microscopic
expression of the kinetic rate constant, k, = v,0N,, in a bulk
semiconductor. In a DSC, the corresponding expression is the
probability of a conduction band electron to be captured by the
oxidized species in the electrolyte with concentration co (or
holes, in solid DSC). On fundamental grounds, the probability

Bisquert et al.
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Figure 3. Schematic representation of the steps involved in the
recombination between the electrons in TiO, nanoparticles and the
oxidized species in the electrolyte (or hole conductor). Ef is the position
of the Fermi level in the dark, equilibrated with the redox potential
E.c40x Of the acceptor species in solution, Ef, is the Fermi level of
electrons, and E, is the conduction band energy. The following processes
are indicated: Electron transport in the transport level; trapping and
release in an exponential density of localized states in the bulk of
semiconductor nanoparticles; capture and release by surface states;
electron transfer through conduction band with rate US"; electron transfer
through surface state with rate U;’. On the right side we show the
fluctuating energy levels of oxidized species in solution according to
the Marcus—Gerischer model. A is the reorganization energy of the
acceptor species in the ionic or hole transport material, with an effective
density of states D. E, is the most probable energy level for the oxidized
state of the acceptor species.

v of charge transfer at energy level E is given®**’ by the Marcus
model, outlined in the right-hand side of Figure 3

kT
Vel(E) = 2kocox m exp

where kj is a time constant for tunnelling, which is dependent
on the distance of the acceptor to the surface,*' and 1 is the
reorganization energy.

47k T

(E - Eredox - l)z]

A7)

4. Factors Governing a Variable Lifetime in DSC

In the presence of impurity levels, lifetimes in silicon become
highly variable*>~* and even more so in amorphous inorganic
semiconductors.? The characteristic result in DSC consists of
a strong exponential decrease of 7, with increasing carrier
density or bias voltage in the solar cell, as shown in Figure 4c,
and further discussed later.'321:2*

In order to provide a suitable framework of the interpretation
of the lifetime, we consider in more detail a number of kinetic
processes that are indicated in Figure 3.24*% Free (conduction
band) electrons in TiO, nanoparticles undergo trapping-detrap-
ping events in bandgap states. Such states can be directly
measured by capacitance techniques.*’ The results usually imply
an exponential distribution of localized states as described by
the density of states (DOS)

Ny

g(E) = kT, expl(E — E)/kgT,] (18)

Here E. is the energy of the lower edge of the conduction
band, N_ is the total density, and 7, is a parameter with
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Figure 4. Parameters result from IS in the dark, as a function of
potential, in several DSCs, with the following characteristics: L5: 4.6%
efficient, dye N3, electrolyte H10; L9: 9.6% efficient, dye K19,
electrolyte Z325; IL6: 6.3% efficient, dye K19, ionic liquid Z594;
OMeTAD4: 4% efficient, dye Z907, solid hole conductor, see Table
1. (a) Chemical capacitance per unit volume. (b) Recombination
resistance per volume. (c) Electron lifetime obtained from IS data
(points) and V. decays (lines). (d) Electron conductivity. For comparing
the results of the different samples, the values of potentials are referred
to the same distance between Ef, and E¢. Using the electron conductiv-
ity, L9 is taken as reference sample to determine the shifts of voltage
Obtaining: AVLS =20 mV, AV]L(, = 39 mV, and AVOMETAD4 = 226
mV.
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temperature units that determines the depth of the distribution,
which can also be expressed as a coefficient a = T/T,. The
measured chemical capacitance is given by

oS — 612 g(Eg,) = Cgaps explgVelkg Tyl (19)

u

where the prefactor C§** is independent of voltage. Most of
the traps may be located in the bulk of nanoparticles.

It should be emphasized that recombination is an interfacial
charge transfer event at the surface between the semiconductor
and the ionic/hole carrier. Since a distance for electron tunneling
should be of the order of 1 nm, which is usually much less
than the typical size of nanoparticles in a DSC, it is useful to
distinguish between bulk traps, with parameter T,, and surface
states, with a parameter Ty, including in the latter class all the
electronic states that participate in charge transfer.

In any transient measurement for determination of lifetime,
a change of the Fermi level implies the change of occupation
of bulk traps. The kinetic eq 7 must be extended as

¢ = o 20
o 00T 20

where the last term describes the variation of free carrier density
by trapping (which causes an increase of the localized electrons
with density n;) and release processes. In eq 20, U, groups all
possible channels for recombination of free carriers by charge
transfer through different interfacial levels, as outlined in Figure
3. Taking into account the transfer from conduction band and
from a variety of surface states (at distinct energy levels labeled
E(i)), we may write for the rate of recombination of electrons
in the conduction band, a sum of the transference rates as
follows*®

U, =U"+ Y Uus? 1)
E@)

Equation 21 contains the assumption that the electron
transference occurs independently at the surface states in
different energy levels. In the case of of I'/I;™ redox couple it
is not established that charge transfer is a one electron process,?®
and we cannot rule out that different surface channels are
interdependent for reaction (6). On other hand, for solid state
DSC using OMeTAD hole conductor,'* recombination is a
process involving one electron and hole, very probably through
a variety of channels as in eq 21.* In general it is very likely

TABLE 1: Properties of the Measured Dye-Sensitized Solar
Cells”

sample L5 L9 L10 IL6 OMeTAD 4
n-TiO; layer (um) 8.1 6.8 12 6.8 1.8
scatter layer (um) 0O 4 2 4 0
dye N3 K19  N719 KI9 7907
electrolyte H10 7325 7300 Z5% solid
area (cm?) 048 0.28 0.28 0.28 0.128
porosity 70% 68%  68%  68% 68%
Voe (V) 0.58 0.76  0.80 0.71 0.86
Je (mA cm™?) 123 17 17.5 14.0 9.1
FF 0.66 0.72  0.73 0.71 0.51
efficiency (%) 4.6 9.6 10 6.3 4.0

“ Please refer to the original publication for the full names of the
coded dyes and electrolytes.!31462
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that, rather than a single energy level, a distribution of charge
transfer states exists at the interface in DSC, and we adopt the
reasonable assumption in eq 21. This approach is supported by
steady state measurements,’® and important additional implica-
tions for interpretation of experimental measurements of lifetime
are discussed below.

For the calculation of the lifetime from eq 20 we deal first
with the trapping term, assuming in quasistatic approximation
that trapped and free electrons remain in equilibrium, so that
we have*®!

on;  0ng on,
o o

(22)

Inserting eq 22 in 20, we obtain for a small perturbation

dAn, 1 U,
= - An

ot on; )\ dn,
1+ —
on,

(23)

Cc

Equation 23 strongly suggests that we define the lifetime of
free carriers, applying eq 9, as

U\ _ U\
rfz(an) =7, "'+ Y, ” ) (24)
c E(i) c

Here, 7o = ve(E.) ! is the lifetime of free electrons by direct
transference through conduction band, the same as that given
in eq 16. Additional terms in eq 24 correspond to the
transference through the bandgap surface states as indicated in
Figure 3.

From eqs 23 and 24, using the general definition of eq 11,
we obtain the expression for the measured lifetime

ong
T, = 1+ 37 Ty (25)

C

In eq 25, the term in parentheses corresponds to the delay
by traps at the Fermi level when we attempt to measure t,,. More
precisely, by detailed balance on;/on, = C}{“P“/Cf}’ equals the
quotient of detrapping and trapping rates, which is a proportion
of the time an electron spends in traps with respect of the time
in the conduction band. This term does not correspond to the
time survival of a free electron, which is given by 7. In general,
7,, measured by the methods indicated in the Introduction,
should be called a response time of the recombination process,
but for simplicity we may still denote 7, the “lifetime”, once
the content of this quantity is properly understood. It has been
long recognized that trapping levels produce a considerable
delay in the response time with respect to the recombination
time 7:.*>3? For a continuous distribution of traps, increasing
the Fermi level progressively occupies deep traps, and a large
variation of the response time results.>

There is strong evidence that the trapping factor in eq 25
actually occurs in DSC. This is because the same factor applies
in the measurement of the (chemical) diffusion coefficient*®>

n on

ang \~!
D, = (1 + —) D, (26)

C
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Therefore, trapping factors compensate and disappear in the
diffusion length, eq 4

L, = \Dyt; 7

Since the diffusion coefficient of the free electrons, Dy, is
believed to be constant,” variation of L, should be attributed
merely to the free electron lifetime ;. In experiments, the
electron diffusion length is found to moderately vary with
electron density.?>%8 Such variation should be proportional
to 772 according to the model of eq 27. The observed variations
of L, are further discussed in section 8.

5. RC Structure of the Variable Lifetime in Standard
DSC

We have pointed out in section 3 that the lifetime, 7,
measured in liquid electrolyte DSC, is related to the RC arc of
IS shown in Figure 1d. This was shown in eq 15 for a
preliminary simple model with a unique electronic level, and
we next discuss the structure of the lifetime quite generally,
including both the bulk trapping effect and the presence of
several parallel channels for transference at the surface. We first
give the general expressions of the model and thereafter we
suggest a specific trap distribution which allows us to describe
the voltage dependence of the electron lifetime and diffusion
length in DSC.

Calculation of the recombination resistance, eq 2, with the
general charge transfer expression in eq 21, provides the result

R, '=qlA oy + ZBU:’SU) on. 28
A A AL (28)

and from eqs 15 and 24 we obtain
7 = R .Gy (29)

Note that eq 29 contains the chemical capacitance of
conduction band electrons. However, as shown in Figure 4, the
measured chemical capacitance is usually dominated by bulk
traps, eq 19. Therefore the lifetime from IS is

r, =R C"™ (30)

rec ™~ u

We should also point out that eq 30 underlies all of the
equivalent experimental methods for the measurements of
lifetime in DSC.

Combining eqs 29 and 30 we find

traps
— CM

T, — — T
qb

i (€29

This is the same result as eq 25 (provided that dny/dn. > 1),
showing the decomposition of 7, in trapping and free carrier
lifetime terms. As mentioned above, this approach has received
ample attention in the literature,’® due to the general emphasis
on the calculation of the diffusion length. Equation 31 shows
that the two approaches used in this paper to model the lifetime,
the kinetic model and RC approach, give the same result.
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We are interested to have access to fundamental kinetic
parameters of recombination. The previous analysis shows that
R, contains a capacitance, and 7, contains trapping terms. The
closest we get to the recombination microscopic parameters,
using the small perturbation methods, is the free electron lifetime
7y as defined in eq 24. This parameter usually cannot be extracted
from experimental data using eq 29. But we note that eq 26
can be expressed

b
_ G
= CtrapSDO (32)
u

n

Therefore, combining eqs 31 and 32, we can write

(33)

We can thus obtain the free electron lifetime as the product
of experimental quantities: the diffusion coefficient and the
measured lifetime. The denominator of eq 33 is a constant which
is estimated as Dy = 0.4 cm? s~'.5% It has long been recognized
that the mobility-lifetime product relates to free carrier recom-
bination time in amorphous silicon solar cells.5*%!

6. Characteristic Experimental Results for DSC and
Preliminary Interpretation

Let us discuss the characteristic experimental behavior of 7,
and R, in DSCs. Data sets representative of a variety of DSCs
with different types of electrolytes and hole conductor (including
two cells with volatile electrolyte with high and lower efficiency,
one with ionic liquid and another one with the solid hole
conductor OMeTAD) are shown in Figure 4 (Table 1).!31462

First of all we remark the exponential decrease of 7, on bias
voltage, as observed in Figure 4c, which is a characteristic result
that is very well established and routinely reported in papers.*-*863
Furthermore good agreement is often found between the values
of electron lifetime determined by independent methods.®*** This
is confirmed in Figure 4c, that shows great coherence of the
results obtained by IS and V,. decays. The consistency of the
outcome of different techniques clearly indicates that 7, is an
experimentally well-defined quantity that calls for a more
complete understanding, since it contains important information
on recombination at steady state.

In general in DSCs with a resonable performance, the
photocurrent is basically determined by the absorption and
injection properties of the dye and other light management
aspects of the solar cell. Near the maximum power point and
close to open-circuit conditions, is where the electron dynamics
properties of the device have a more acute influence, via the
recombination resistance, as mentioned before, Figure 4b.
Therefore a combined understanding of 7, and Ry, in the region
of voltage around V., is an important key to obtain DSC with
higher voltage and fill factor. Here we must highlight that the
steady state current density-potential curve of a DSC, can be
entirely reconstructed from the knowledge of resistances
obtained by IS (by an integration procedure), provided that short-
circuit photocurrent is known.®? The most important piece of
information to construct the JV curve and investigate the
performance of the solar cell is the data of recombination
resistance as a function of voltage.
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For an interpretation of the lifetime, leading toward the
extraction of the true kinetic constants that govern recombination
in a DSC, we have two basic approaches.

The first approach is given by eq 25 that states that, to a
large extent, the bias variation of the lifetime in a DSC is an
unavoidable consequence of the disorder in the material. The
fact that there is an exponential distribution of traps in the
nanostructured semiconductor, introduces an exponential de-
pendence in 7, via the trapping prefactor in eq 25. Besides, the
crucial parameter governing recombination by interfacial charge
transfer, 7y, may also show a potential dependence on its own,
as we explain in detail below.

At this point it is useful to revise the comparably simpler
results obtained in the silicion solar cell, shown in Figure 2.
The main difference between Figure 2 and Figure 3 is the slope
of the chemical capacitances. For the silicon solar cell the slope
is g/kgT, which indicates that electron density increase is
due to carriers in the conduction band. For the DSC, Figure 3a,
the slope is much less steep, it is g/kgTy, or equivalently og/
kT, indicating that the charging with electrons occurs in the
exponential distribution of bandgap states. So for the silicon
solar cell, the recombination resistance is given by R.. =
(Cﬁ’)"ro and the product R,,.C provides a constant lifetime.

This analysis leads us to the second approach to discern the
properties of 7, in a DSC, which is via eq 30. We have already
noted the slope of the traps capacitance, C;**, observed in Figure
4a. As for the recombination resistance, it also shows an
exponential dependence of the form

qVe
R = R exp[—ﬁ— (34)
0 kg T

Since the § parameter is typically in the range 0.5—0.7, we
must conclude that recombination flux in a DSC cannot be
simply proportional to the free electron density, which is the
case described above in eq 14, and a more complex process is
involved. A specific model based on eq 28 will be described
later on.

We should remark in passing that eq 34 is an empirical
approximation that works well in restricted domains of bias
voltage. The observed dependence of recombination resistance
on bias may contain additional features, such as a curvature,
and also a valley, i.e., a minimum of resistance, at low
potential,> as discussed later.

In any case, it clearly appears that in the DSC the two
quantities in the product R,..C, depart from the ideal behavior
described in eqs 14 and 15. These quantities have different
slopes on voltage, that are determined by constants o and f.
As a consequence, and in contrast to the crystalline silicon solar
cells, the lifetime 7, in the DSC is not a constant and obtains
an exponential dependence on the bias, as shown in Figure 4c.

Such variation can be attributed to the rather different features
of the DSC in comparison with the bulk crystalline semiconduc-
tor. The preparation of DSC uses low temperature chemical
routes, which provides a lower grade, and more disordered,
semiconductor. Further, the DSC is characterized by a hugue
internal interface where the recombination by charge transfer
occurs. At this point it may be useful to recall that a milestone
in the development of crystalline silicon photovoltaics was, and
still is, the control of the main recombination interface, which
is the rear contact. In a DSC the recombination interface
occupies by construction the whole active layer, and it is
expedient to master the properties of charge transfer events in
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the path toward higher efficiencies. It should be added that the
photovoltage in a DSC can double that in Si solar cell, implying
a higher driving force for recombination.

7. Lifetimes and Recombination Resistance for an
Exponential Distribution of Surface States

The main method of analysis of small perturbation parameters
(recombination resistance, capacitance, lifetime, diffusion length)
is to observe their dependence with the voltage as in Figures 2
and 4. To calculate such dependencies from the general
expressions defined previously, we assume a specific model
which has two main elements, as indicated in Figure 4:* (1) an
exponential distribution of bulk trap states, with parameter Ty,
(and oy, = T/T), and (2) an exponential distribution of surface
states g, with parameter Tos (05 = T/Tyy).

The reasons for distinguising bulk traps and surface states
have been commented above. We have already mentioned that
the chemical capacitance provides a direct measure of the DOS,
but it is a spatial average in which the more abundant states
will dominate. Therefore in principle C;;*** in eq 19 corresponds
to bulk traps located in the interior of the metal oxide
nanoparticles, and a different approach is required to determine
the crucial parameter involved in interfacial charge transfer, o
= T/Ty,. However, if there is evidence that interfacial traps are
more abundant, or that the distribution is the same, the model
can be simplified at any stage by writing simply o, = a, = Q.

The probability of charge transfer is described by eq 17.
Therefore, we have that the rate of charge transfer in an interval
AE at energy E is given by

Uy = g (ENE, Eg)vo(E)AE (33)

where f(E,Ep,) is the Fermi-Dirac function. The calculation of
R..c in eq 28 with a sum (integral) over the surface state levels

18

« dfE;, Eg,) !
RE ' =qgAL E) ——" v (E)AE
rec q %gss( 1) dVF Vel( 1)
(36)
The sum (or integration) in eq 36 gives the result'
Ry = ALY (Epy)vu(Er,) (37)

Equation 37 states that the reciprocal charge-transfer resis-
tance is proportional to the product of the density of surface
states at the Fermi level, and the probability of electron transfer
from such states. This result occurs because the resistance is a
differential quantity corresponding to the current gained by a
small step of voltage. A small displacement of the Fermi level
fills the surface states precisely at the Fermi level, hence the
resistance detects only those states.

Rearrangement of eq 37 leads to'?

o qaV\aY)
w=me -] e
B

with R a voltage-independent prefactor and
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=5+ =05+ (39)

If the bias voltage Vg is considerably less than A/¢g, eq 38
simplifies to eq 34. The justification to assume an exponential
distrution of surface states instead of another type of distribution,
is that eq 34 is in agreement with the experimental results, as
shown in Figure 4c. Therefore, by the model in eq 37 we obtain
a microscopic description of the 5 parameter that is determined
in measurements of recombination in a DSC.

In eq 39 we observe that [ parameter has two different
components and these can be traced to eq 37. The recombination
resistance decreases exponentially with the voltage by two
reasons. The first is that the density of states participating in
charge transfer, gy, increases when the Fermi level raises. The
second is the increase of the charge transfer probability, v,
with Eg,. Eventually, v, may decrease at higher voltage,
provided that Marcus inverted region is reached. In this situation
eq 34 is not valid and we should use a more complete expression
such as eq 38.

Importantly, the two components of the recombination
resistance have a different behavior with temperature, since g
should depend very weakly on 7, while v, is thermally activated
as indicated in eq 17. This observation forms the basis for a
method to obtain o, = T/T) that is discussed later. Temperature
of the DSC appears as a critical variable in order to discern the
microscopic components of the recombination parameter f3.

Implicit in the previous modeling of R, is the assumption
that surface states are occupied according to the bulk Fermi
level. In general, the occupation of surface states, which loose
charge by interfacial charge transfer, can be much less than a
bulk bandgap state at the same energy level.> However, if the
transfer rate is not too large, as expected in good quality DSC,
a common equilibrium can be assumed. In quantitative terms,
a demarcation level can be defined, above which level surface
states occupation is governed by Ep,. An estimation of the
demarcation level in a DSC indicates that it lies quite deep,
0.30 eV above the dark Fermi level.*® Therefore the equilibrium
assumption in the model of eq 37 is well supported.

Having obtained a complete description of the recombination
resistance dependence on voltage in microsocopic terms, we
now use the model to derive also the potential dependence of
the different quantities that can be measured with the small
perturbation methods.

Using eqgs 19, 30, and 39, we obtain an expression of the
potential dependence of the lifetime

4 raps qVF
T, = R,C,™ exp[—ynkB—T] (40)
where
1
yn=ﬁ—ab=§+as—ab 41)

Note that v, = 0.5 if a5 ~ a,,. On another hand, from eq 29,
the free carrier lifetime can be stated as

, v
7= RyCy eXP[VfK;] “42)
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where
_ 1
yf—l—ﬁ—z—as 43)

and from eq 27, the voltage dependence of the diffusion length
is

Y4V

Ln =B eXp[Eﬁ (44)
B

8. Discussion and Applications

The fundamental problem of understanding recombination
mechanisms in a DSC is the interpretation of the exponent 3 of
recombination resistance. The model suggested above, by a
combination of exponential distribution of surface states, and
Marcus probabilities of transfer, explains the main observed
trends in the measurement, as already discussed, and provides
two additional predictions.!® First, log R...(VE) is not perfectly
straight but shows a curvature over a sufficient wide bias range,
eq 37, and second, # depends on temperature as indicated in eq
39. At the present time, a quantitative confirmation of this model
is not generally supported, since the data at different temper-
atures in high performance DSCs are scarce.!* However, both
characteristics (the curvature, and temperature dependence of
) will be probably confirmed in general.

In the results compared in Figure 4 for DSCs with different
types of electrolytes and dyes, it is observed that the higher
efficiency reached by some of the cells is explained by the
combined effect of both a higher charge transfer resistance and
the higher charge injection from the dye, as suggested by the
short circuit current in Table 1. In particular the solid hole
conductor OMeTAD cell displays the lowest charge transfer
resistance, which reduces considerably the performance although
this type of DSC attains higher photovoltage, Figure 4d.!4

An interpretation of the electron lifetime in DSCs requires
an understanding of the exponent y, in eq 40. In eq 41, we
note that 7y, arises from the 8 exponent of charge transfer
resistance and oy for bulk traps. Equation 34 is strongly
supported by recombination data,” and the chemical capacitance
of traps is also a well established result;*’ therefore, v, = 8 —
ay, is a reliable result.

It is also interesting is to address observed properties of the
diffusion length in DSCs. We note first that the diffusion length
is not a transient quantity, but a steady state parameter, and
consequently can be expressed in terms of the IS resistances as
L, = L(R./R)"?, being R, the transport resistance.'? Therefore,
bulk traps do not intervene in the diffusion length.

According to the model, L, is proportional to the square root
of the free carrier lifetime. Diffusion length in DSC usually
increases slightly at increasing bias voltage.’®3%” Characteristic
voltage dependence of L, both for high efficiency (10%)"* and
regular efficiency (5%)!! DSCs with liquid electrolyte are shown
in Figure 5a. A similar temperature variation of L, has been
reported recently in a 11.4% efficient DSC.'® Since characteristic
[ values are about 0.7, the coefficient governing the variation
of L,, following the above theory, (1 — f)/2, is indeed very
small, and this provides preliminary support of the model. In
addition, according to eq 43 we have yy = 0.5 — oy with o =
T/Tos. Therefore the exact value of T, and the temperature of
the solar cell become critical issues. Unfortunately 7y, cannot
be independently determined. As mentioned before, the capaci-
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Figure 5. Parameters result from IS in the dark in several DSCs: a
10% efficient DSC (L10, dye N719, electrolyte Z300) at several
temperatures and in a 4.6% efficient DSC (L5, dye N3, electrolyte H10).
(a) Electron diffusion length (L, = V. D,t,) as a function of Fermi level
potential. (b) The free electron lifetime 7y, calculated from diffusion
coefficient-lifetime product, indicating a best fit to a straight line that
corresponds to eq 43. (c) The coefficient yy, defined in eq 42, as a
function of temperature.

tance techniques measure Ty, which usually ranges between 800
and 1200 K. Nonetheless it should be remarked that near room
temperature we expect that vy = 0.5 — a is positive but very
close to 0, so that an increase of the temperature may invert
the tendency of L,, from increasing to decreasing with the
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voltage. In fact for OMeTAD DSC, the diffusion length is
observed to increase with voltage in the dark, while a contrary
tendency is observed under illumination: it decreases with the
potential,'*¥6%8 and we may tentatively attribute this to heating
of the solar cell.

Let us focus our attention on the new quantity that has been
introduced above, the free carrier lifetime 7;. As mentioned
before, this is an important quantity that contains essential
information on the recombination kinetics. In Figure 5b we plot
the diffusion coefficient-lifetime products for the 10% and 5%
efficiency DSCs as a function of voltage. From the fits to straight
lines we derive the y; exponent that is plotted in Figure 5c.
First we observe that for the 10% efficient DSC, y; shows a
linear decrease with the temperature in good agreement with
the model prediction in eq 43. A second and important result is
that y; value decreases considerably for the less efficient solar
cell, at room temperature. Using the model results we obtain
that the parameter of the surface state distribution is 7, = 1770
K for the 10% efficient DSC while it is 7 = 750 K for the 5%
efficient DSC. It means that the surface states in the more
efficient DSC are much more concentrated near the conduction
band edge, while in the less efficient cell the charge transfer
states extend deeper in the bandgap. Therefore obtaining a large
Tos, which concentrates the recombination at higher voltages,
could be an important reason why high performance DSC
provide a large photovoltage. This interpretation illustrates the
significance of the control of recombination parameters for
improving the actual performance of DSCs, but must regarded
as speculative until wider sets of data become available.
Nonetheless we emphasize the importance of analyzing the free
carrier lifetime under variation of temperature.

An important conclusion of these considerations is that
exponents governing electron lifetime and free carrier lifetime
variation with bias voltage, are very sensitive to temperature.
Temperature has seldom been controlled in the measurements
of recombination,'*'%% and even in these cases, it is not the
ambient temperature that matters, but the internal temperature
of the solar cell. In order to stabilize the measurement at
illumination, DSC is irradiated during minutes or more and
becomes internally heated. It may be difficult to control this
problem in a device that is double glass sealed, but improve-
ments of experimental methods are clearly necessary to progress
in the understanding and control of recombination.

In the model of an exponential distribution of surface states,
the recombination resistance varies continuously with the bias
voltage, since more and more surface states become available
for charge transfer as the Fermi level raises, eq 37. Therefore,
one should recognize that the resistance in eq 34 does not
provide a manifest evidence of the actual presence of the surface
states. The situation is different for a monoenergetic, deep
surface state.*®*° In this case, the resistance first decreases, when
the Fermi level approaches the surface state level E, but when
Er, > E, the rate of trapping decreases and the resistance
increases.® Figure 6 shows very direct evidence for charge
transfer through a surface state in a QDSC with aqueous
polysulfide electrolyte. The valley in R, is accompanied by a
peak of the capacitance C,, Figure 6¢, but the latter peak due
to surface states is damped by the background capacitance of
the exponential distribution of the bulk states, eq 19. As a result,
the lifetime in Figure 6d displays a valley at low voltage that is
undoubtedly associated to the surface state. This effect causes
an S shape in the current—potential (j—V) curve as shown in
Figure 6b. It is also observed that the depression in the j—V
curve appears at higher voltage than in the case of the lifetime.
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Figure 6. Experimental data of QDSC (polysulfide aqueous electrolyte)
formed by mesoscopic TiO, sensitized with colloidal CdSe, using
cysteine as a QD linker molecule, and coated with ZnS. (a) Cyclic
voltammetry at different scan rates. (b) Current density—voltage

characteristic, under dark and under full 1 sun illumination. (c) Charge
transfer resistance and chemical capacitance. (d) Electron lifetime.

However, it must be taken into account that 7, in Figure 6¢
results from a stationary measurement, while the current—potential
data are obtained at a certain velocity of voltage scan. Kinetic
effects progressively displace the response of the surface state
to higher voltage, as shown by voltammetry data in the dark in
Figure 6a.



Publication Date (Web): August 18, 2009 | doi: 10.1021/jp9037649

Downloaded by UNIVERSITAT JAUME | on October 1, 2009 | http://pubs.acs.org

Feature Article

We have argued that the response time for recombination,
generally called the “lifetime”, always is composed of a
recombination resistance and a capacitance, and this is very
directly revealed by IS measurement, as illustrated in Figure
1d. However, the time constant of the recombination arc of IS
must be written, in general, as follows

T =R.C (45)

Here we write C for the capacitance, which may not be
chemical in origin. The nature of the capacitance is a very
important issue in order to properly interpret 7, as a lifetime.
The point is very familiar in silicon solar cells. In certain
conditions, the transient measurement produces a charging or
discharging of the depletion layer, and then the measured
“lifetime” has no relationship to recombination time at all.”*~72
This is clearly illustrated in Figure 2d: The values of 7, at Vi <
0.4 V correspond to depletion capacitance in Figure 2¢ and
cannot be associated to the minority carrier lifetime.

This effect may be found also in some classes of nanostruc-
tured hybrid solar cells. For example it has been shown that
ZnO nanowire arrays prepared by electrodeposition show a very
high level of doping with a depletion region in the surface.'>’>™
IS of DSCs prepared with such arrays will provide the
impedance pattern of Figure 1d, but the time constant of the
recombination arc cannot be interpreted as a recombination
lifetime, since it is simply a product as indicated in eq 45, where
C is a surface depletion capacitance.

Another valuable aspect of the R—C approach to the electron
lifetime is the control of experimental artifacts. In fact, very
often the recombination arc does not singly dominate the
impedance spectra, a significance portion of the capacitance may
be due to counterelectrode or electrolyte diffusion contribu-
tions.®> Time transient decays will capture such capacitances
rendering the measurement of recombination time devoid of any
value. While the IS measurement allows to separately recognize
the recombination arc from which 7, may be safely extracted.

It should be emphasized that in determination of electron
lifetime in DSCs it is also important to check that the
recombination resistance is in fact associated with interfacial
charge transfer at the nanostructured metal oxide, as in some
cases recombination flux is dominated by charge transfer at the
exposed substrate.”” It is generally accepted that this effect
occurs at low voltage, and it can be neglected close to open-
circuit voltage.

Finally, we comment briefly on the determination of carrier
lifetimes in organic bulk heterojunction (BHJ) devices. Several
techniques have been applied to this end,’® including modulated
photoinduced absorption,”’ transient absorption,” photo-CELIV, 80
double-injection currents,?' and time-of-flight methods.** How-
ever many of these methods often depart from steady state
operation of the solar cell. Some recent papers have determined
the lifetime by small-amplitude perturbation of a steady state,
using transient photovoltage®® and 1S.3* In these works, it was
observed that when the Fermi level of electrons increases, then
(i) the lifetime decreases and (ii) the capacitance increases.’%
However, as generally remarked above, for a proper interpreta-
tion of the lifetime in BHJ, it is necessary to simultaneously
measure the chemical capacitance, which provides access to the
DOS of the electron transporting phase,*’3* over a sufficiently
wide range of variation of the Fermi level. More work in this
direction is needed to clarify the interpretation of variations of
the lifetime in BHJs.
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9. Conclusions

The electron lifetime in dye-sensitized solar cells can be
measured by several methods that usually give coherent results.
We have highlighted the approach to the lifetime suggested by
impedance spectroscopy, that shows that 7, is a product of a
chemical capacitance and recombination resistance. The model-
ing of lifetime in DSC shows two main components: a trapping
factor and the free electron lifetime, 7. The latter quantity, ty,
is shown to reflect the basic kinetics of recombination of free
electrons, and depends on the bias when charge transfer at the
metal oxide/electrolyte interface is governed by surface states.
The diffusion coefficient contains the reciprocal of the trapping
factor, therefore from a product D,t, the potential dependence
of free electron lifetime can be visualized. The temperature of
the solar cell exerts an important influence on the coefficients
that describe the voltage dependence of the lifetime. A model
based on the transference through an exponential distribution
of surface states is found to provide a good description of the
observed exponential dependence of the recombination resis-
tance with the voltage, with a parameter 5. The model also
accounts for the temperature variations of the free electron
lifetime and electron diffusion length in high performance dye
solar cells.
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