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Universitat Jaume I, 12071 Castelló, Spain, ‡Departament de Quı́mica-Fı́sica i
Institut Universitari d’Electroquı́mica, Universitat d’Alacant, Ap. 99,

E-03080 Alacant, Spain, §Department of Applied Physics and Chemistry, The
University of Electro-Communications, 1-5-1 Chofugaoka, Chofu,

Tokyo 182-8585, Japan

RECEIVED ON APRIL 28, 2009

C O N S P E C T U S

Quantum dot sensitized solar cells (QDSCs) have attracted significant attention
as promising third-generation photovoltaic devices. In the form of quantum

dots (QDs), the semiconductor sensitizers have very useful and often tunable prop-
erties; moreover, their theoretical thermodynamic efficiency might be as high as 44%,
better than the original 31% calculated ceiling. Unfortunately, the practical perfor-
mance of these devices still lags behind that of dye-sensitized solar cells. In this
Account, we summarize the strategies for depositing CdSe quantum dots on nano-
structured mesoporous TiO2 electrodes and discuss the methods that facilitate
improvement in the performance and stability of QDSCs.

One particularly significant factor for solar cells that use polysulfide electrolyte
as the redox couple, which provides the best performance among QDSCs, is the pas-
sivation of the photoanode surface with a ZnS coating, which leads to a dramatic
increase of photocurrents and efficiencies. However, these solar cells usually show
a poor current-potential characteristic, so a general investigation of the recombi-
nation mechanisms is required for improvements. A physical model based on recombination through a monoenergetic TiO2

surface state that takes into account the effect of the surface coverage has been developed to better understand the recom-
bination mechanisms of QDSCs. The three main methods of QD adsorption on TiO2 are (i) in situ growth of QDs by chem-
ical bath deposition (CBD), (ii) deposition of presynthesized colloidal QDs by direct adsorption (DA), and (iii) deposition of
presynthesized colloidal QDs by linker-assisted adsorption (LA).

A systematic investigation by impedance spectroscopy of QDSCs prepared by these methods showed a decrease in the charge-
transfer resistance and increased electron lifetimes for CBD samples; the same result was found after ZnS coating because of the
covering of the TiO2 surface. The increase of the lifetime with the ZnS treatment has also been checked independently by open-
circuit potential (Voc) decay measurements. Despite the lower recombination rates by electron transfer to electrolyte as well as the
higher light absorption of CBD samples, only a moderate increase of photocurrent compared with colloidal QD samples is obtained,
indicating the presence of an additional, internal recombination pathway in the closely packed QD layer.

1. Introduction

Quantum dot sensitized solar cells (QDSCs) con-

stitute one of the most promising approaches to

third generation solar cells.1-4 The intrinsic attrac-

tive properties of QDs (tunable band gap,5 high

extinction coefficients,5,6 and large intrinsic dipole

moment7,8) offer certain advantages over metall-

organic dyes as alternative light absorbers. More-

over, the demonstration of multiple exciton

generation by impact ionization in colloidal

QDs9,10 could push the thermodynamic efficiency

limit of these devices up to 44%2 instead of the
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current 31% of the Schockley-Queisser detailed balance

limit. Although the efficiencies of QDSCs lag behind those of

dye-sensitized solar cells (DSCs)11 (DSC currently exceeds 11%

at 1 sun illumination12), QD-sensitized nanostructured solar

cells are attracting increasing attention among researchers and

are progressing very rapidly.13-15

Several aspects of the sensitization of nanostructured solar

cells with inorganic semiconductors and QDs have been

recently reviewed.3,4 Hodes4 concluded that the surface states

need to be passivated and the recombination in the absorber

layer reduced. In this Account, we aim to progress in this direc-

tion by proposing a scheme of the operational mechanisms

taking place in working devices. QDSC performance has been

usually hampered by very poor current-potential (j-V) char-

acteristics, as represented by low fill factors (FF). We summa-

rize the methods usually employed to apply QD sensitization

and ZnS coating layers. Strategies for conformal coating of the

metal oxide with nanometric barriers have been widely used

in DSC with molecular sensitizers.16-18 Coating of QDSCs, as

indicated in the upper part of Figure 1a, can partially over-

come the recombination losses leading to higher photocur-

rents. In fact, the ZnS coating has been demonstrated to

almost double the obtained photocurrents,14,19,20 although

the exact passivation mechanism is not well understood. In

this Account, we describe a physical model, based on the con-

cept of band unpinning,21 that allows recognition of the pres-

ence of surface states and the effects of blocking layers from

the analysis of capacitance-voltage curves of the solar cell. A

systematic analysis of the recombination process in QDSCs,

Figure 1b, with QDs adsorbed by different methods facilitates

the interpretation of the features of j-V curves. A recombina-

tion pathway through monoenergetic surface states in TiO2 is

shown to play a major role in the low FF obtained for QDSCs

with polysulfide aqueous electrolyte.

2. Strategies for Sensitization of
Nanostructured Solar Cells with Quantum
Dots
Several configurations have been suggested for the applica-

tion of semiconductor QDs in solar cells, including those based

on 3D QD arrays or on blends of QDs and conducting

polymers.1,22 Another configuration, which is discussed in this

Account, is directly based on the DSC but using QDs attached

to the semiconductor oxide matrix as light absorbers. The sen-

sitization of large band gap semiconductors (oxides) with

lower band gap semiconductors dates back to 1984.23 Sys-

tematic studies along these lines appeared in the 1990s

together with the first QDSCs. Initially, chalcogenide QDs,

directly grown into the nanoporous layer by either chemical

or electrochemical methods, were used as sensitizers.7,24 The

first reported solar cell using presynthesized QDs was based

on InP QDs attached to TiO2.25

Accordingly, the sensitization of a wide gap nanostructured

semiconductor electrode (TiO2, ZnO) with QDs can be per-

formed mainly through two different approaches: (1) direct

growth of the semiconductor QDs on the electrode surface by

chemical reaction of ionic species using the methods of chem-

ical bath deposition (CBD)13,14,19,26 or successive ionic layer

adsorption and reaction (SILAR)27,28 and (2) using presynthe-

sized colloidal QDs attached to the electrode material by a

bifunctional linker molecule.29-34 Additionally, some studies

using a combination of both linked colloidal QDs and CBD

have been carried out.35,36 The first approach involves a

nucleation and growth mechanism leading to a high cover-

age of the effective TiO2 surface but rendering rather difficult

the control of the size distribution of the deposited QDs. On

the other side, the attachment of colloidal QDs through molec-

ular wires leads to precise morphological characteristics (shape

and size) of the semiconductor nanocrystals subsequently

leading to potentially enhanced properties compared with

CBD.

An alternative method (3) to attach the colloidal QDs onto

the TiO2 surface without the need for molecular linkers is

FIGURE 1. (a) Scheme of a TiO2 nanostructured film deposited on
transparent conducting oxide, sensitized with CdSe QDs (bottom)
and covered with a ZnS layer (top) and (b) energetic diagram of
CdSe-sensitized TiO2 in contact with electrolyte, showing the main
electronic processes at the interface in a QDSC: (1) photoexcitation,
(2) electron injection, (3) trapping of a free electron at a surface
state, (4) charge transfer of a trapped electron toward electrolyte
acceptor, (5) recombination in the absorber semiconductor, and (6)
hole extraction.
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termed direct adsorption (DA). This procedure has already

been employed to sensitize TiO2 with CdSe,37 InAs,38 and

InP,25 although the obtained photocurrents at 1 sun inten-

sity were low. A significant increase of the obtained photocur-

rents using this adsorption strategy has been recently

reported.20,34 However, at present, the use of presynthesized

colloidal QDs leads to less efficient solar cell devices com-

pared with directly grown QDs. One possible explanation is

that directly adsorbed colloidal QDs provides a low surface

coverage of about 14%.39 It is obvious that a higher surface

coverage of colloidal QDs on the TiO2 substrate is a “must” to

improve the efficiencies of QDSCs.

3. Progress in QDSC Configurations and
Efficiency
The most efficient redox system developed for DSC is the

I-/I3- system. Unfortunately, cadmium chalcogenides, the

most used QD materials within this context, are not chemi-

cally compatible with this redox electrolyte. Consequently,

modifications in the cell configuration and different redox cou-

ples and electrolytes have been tested for QDSCs. In order to

use the I-/I3- redox electrolyte, the QDs must be protected, for

example, with an amorphous TiO2 coating. This approach has

led to a 1.24% efficiency for CdS QDSCs.40 Using Co2+/Co3+

redox systems, Lee et al.15 reported a 1.17% efficiency at 1

sun illumination. These two approximations lead to good fill

factors (FF), ranging between 0.6 and 0.7, but with relatively

low photocurrents.

The highest photocurrents for QDSCs have been obtained

using a polysulfide redox system in aqueous electro-

lyte.13,14,20 The stability of QDs in polysulfide electrolyte is dis-

cussed in Supporting Information. These QDSCs have gener-

ally suffered from very poor fill factors (conventionally

0.2-0.4). Chemical species coming from water constitute

favorable recombination paths for electrons via surface states

of TiO2.41 The partial substitution of water by methanol in the

polysulfide redox electrolytes has been demonstrated to

slightly increase the obtained photocurrents investigated

although the FFs are still very low (around 0.40).42

In recent years, Toyoda’s group has been focusing on the

preparation and characterization of CdSe QDs that were

deposited by using the CBD method and applied to sensitize

nanostructured TiO2 electrodes of various morphologies,

including nanoparticles, nanotubes, and inverse opals. They

have been studying their optical absorption, photoelectro-

chemical and photovoltaic properties, and ultrafast carrier

dynamics.43-49 The CdSe QDs were coated with ZnS, and the

effects of this coating on the photovoltaic properties were

studied. There are few reports in which a ZnS coating has

been applied to CdSe QD-sensitized TiO2 solar cells. On the

other hand, ZnS capped CdSe in core-shell QDs has been

used for strong photoluminescence applications.50

The FF of polysulfide QDSCs can be further increased by

selecting an adequate counter electrode material. In a recent

study,20 we showed that the use of Cu2S or Au instead of the

conventional Pt counter electrode, led to 0.48 and 0.42 FF,

respectively, although these values are still low. See Support-

ing Information for further discussion on this topic.

4. Effect of Deep Monoenergetic Surface
States
The characteristic pattern of the charge transfer resistance (i.e.,

resistance of the recombination process of the electrons from

the TiO2 electrode with the electrolyte) when a recombina-

tion pathway through a monoenergetic surface state exists has

been previously investigated.41 A minimum in the charge

transfer resistance is obtained when the Fermi level crosses

the surface state. Additional evidence for surface states can be

obtained from the capacitance. We next analyze how the

behavior of the chemical capacitance51 in nanostructured

semiconductors is influenced by the surface state charging

and, importantly, the additional modification of the capaci-

tance by a dielectric layer between the semiconductor and

solution.52

With reference to Figure 2, we consider a semiconductor

(TiO2) layer of thickness a, deposited on a conducting sub-

strate and covered with a dielectric layer of thickness d and

dielectric constant ε, which is in contact with the electrolyte.

In the bulk TiO2, we assume an exponential distribution of

FIGURE 2. Scheme of a TiO2 semiconductor layer with exponential
DOS, a surface state, and a dielectric layer: (a) equilibrium; (b)
negative bias potential applied in the substrate, which causes a rise
of the Fermi level and a shift of the conduction band by charging
the surface state.
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localized states (DOS) in the bandgap as described by the

expression53

Here Ec is the energy of the conduction band edge, NL is

the total volume density, kB is Boltzmann’s constant, and T0 is

a parameter with temperature units that determines the depth

of the distribution. In addition, we assume a surface state of

energy Ess ) Ec - ∆Et and concentration (per unit surface) Nss.

We denote the Fermi level of electrons, EFn, and EF0 the equi-

librium Fermi level; therefore the applied bias voltage is -qV
) EFn - EF0. When the Fermi level raises in TiO2, the surface

state becomes increasingly charged. This changes the volt-

age drop across the dielectric layer, which is given by Vd ) φs

- φb, where φs is the electrostatic potential at the semicon-

ductor/dielectric layer interface and φb is the potential in the

bulk electrolyte. Therefore it is useful to express the bias

potential in two components.54 We first define VF, the poten-

tial related to the displacement of the Fermi level with respect

to the conduction band (i.e., the chemical potential):

Since Ec ) -qφs, it is easy to show that

This means that the potential applied in the substrate is

used both to displace the electronic Fermi level and to

increase the potential drop across the dielectric layer, see Fig-

ure 2. Note that the total potential in the solar cell, Vap, may

contain additional contributions (electrolyte, counter electrode,

etc.). Assuming that the Fermi level of trapped electrons is the

same as the Fermi level of free electrons in the conduction

band,41 the negative charge in the surface state is

where f is the Fermi-Dirac distribution

The compensating ionic charge in the dielectric surface is

given by Qi ) CdVd, where the capacitance has the form Cd )
εε0/d. Therefore we obtain

Figure 3a shows the step of the voltage in the dielectric

layer (i.e., the band unpinning due to electrons in the surface

state) that occurs when the Fermi level crosses the energy

level of the surface state. By eq 3, we obtain the dependence

of the bias voltage V(VF), and this is shown in Figure 3b. From

eq 1, we can obtain the chemical capacitance of the TiO2

layer51,53

and this is represented in Figure 3c. When EFn ≈ Ess, the step

of the voltage in the dielectric layer brings up the conduction

band. In this domain of bias voltage, the internal chemical

potential VF is stationary, and hence a plateau of the chemi-

cal capacitance occurs.

g(E) )
NL

kBT0
exp[(E - Ec) ⁄ (kBT0)] (1)

qVF ) Ec - EFn
(2)

V ) VF + Vd - (VF0
+ Vd0

) (3)

Qss ) qNss f(Ess - EFn
) (4)

f(Ess - EFn
) ) 1

1 + exp[(Ess - EFn
) ⁄ (kBT)]

(5)

Vd )
qd
εε0

Nss

1 + e-(∆Et+qVF) ⁄ (kBT)
(6)

FIGURE 3. Representation of the variation of (a) potential drop in
the dielectric, (b) applied potential, and (c) capacitance in the
charging of a semiconductor layer with exponential DOS, a surface
state, and a dielectric layer. V is the external bias potential.
Parameters used in the simulation: a ) 10-6 cm; d ) 10-7 cm; ε )
10; NL ) 1020 cm-3; Nss ) 1013 cm-2; ∆Et ) 0.6 eV; T ) 300 K; T0 )
800 K.

Cµ )
Nscq

2

kBT0
eqVF ⁄ (kBT0) (7)
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The measured low-frequency capacitance in impedance

spectra (IS) corresponds to the series combination

The total capacitance shows a saturation when the chem-

ical capacitance becomes larger than Cd, Figure 3c. The volt-

age drop Vd is proportional to the thickness of the dielectric

layer; therefore the plateau of the chemical capacitance

becomes larger when the thickness of the dielectric d
increases, as shown in Figure 4.

5. Steady-State Characteristics of QDCSs

The performance of a range of QDSCs in different configura-

tions (deposition method - covering layer - counterelectrode)

is indicated in Table 1. All details about the methods of prep-

aration are given in Supporting Information. It is well-known

that TiO2 exhibits a nearly monoenergetic surface state ∼0.4

eV below its conduction band (CB)55 in addition of the con-

tinuous exponential distribution of eq 1. This level can be eas-

ily recognized by cyclic voltammetry measurements (negative-

going scan) as a peak in the exponentially growing cathodic

current.56 Such peak is also observed in QDSCs under dark

conditions, Figure 5a, and it is responsible for the S-shape

observed for the devices under illumination, Figure 5b, which

notably reduces the FF of the solar cell. This peak indicates the

presence of an alternative recombination pathway of elec-

trons photoinjected into TiO2 with the electrolyte through a

monoenergetic surface state, that is, process 4 of Figure 1b,

together with the standard recombination pathway of elec-

trons in the CB or shallow surface states of TiO2.57,58

Figure 5b shows a typical j-V curve corresponding to a

QDSC illustrating the effect of the ZnS coating for DA-depos-

ited QDs. The covering causes a clear increase of both open-

circuit voltage, Voc, and short-circuit current, jsc, leading to a

significant increase of efficiency (Table 1). A similar trend was

observed for QDs deposited by CBD and LA after ZnS coat-

ing, although the effect of the ZnS coating is considerably

weaker for the LA cells (Table 1), where the efficiencies are

also lower compared with those of DA and CBD cells. This is

most probably because the amount of QDs deposited by LA

on the nanostructured TiO2 is significantly lower than that with

DA and, especially, CBD.39

FIGURE 4. Representation of the variation of chemical capacitance
with respect to the external bias potential in the charging of a
semiconductor layer with exponential DOS, a surface state, and a
dielectric layer. Parameters used in the simulation: a ) 10-6 cm; ε
) 10; NL ) 1020 cm-3; Nss ) 1013 cm-2; ∆Et ) 0.6 eV; T ) 300 K; T0

) 800 K; d varies as indicated.

TABLE 1. Photovoltaic Properties of QDSC under 1 Sun Illumination
(AM 1.5 G)

cell Voc (V) jsc (mA/cm2) FF efficiency (%)

DA-ZnS-Au 0.48 4.48 0.29 0.62
DA-ZnS-Pt 0.49 5.10 0.28 0.72
DA-Au 0.43 1.93 0.29 0.24
DA-Pt 0.46 3.12 0.28 0.40
CBD-ZnS-Au 0.49 4.70 0.37 0.85
CBD-ZnS-Pt 0.53 5.91 0.33 1.04
CBD-Au 0.39 1.09 0.49 0.21
LA-ZnS-Au 0.49 2.88 0.29 0.41
LA-ZnS-Pt 0.49 2.92 0.24 0.35
LA-Au 0.47 1.42 0.22 0.14
LA-Pt 0.42 2.35 0.27 0.26

C ) (Cµ
-1 + Cd

-1)-1 (8)

FIGURE 5. (a) Current density-potential (j-V) curve of a CBD QDSC
coated with ZnS under 1 sun illumination and in the dark. Cell
configuration: FTO + buffer + TiO2 + CBD QDs + poly + Pt
counter. (b) j-V curves of a DA QDSC under 1 sun illumination with
and without ZnS coating. Cell configuration: FTO + buffer + TiO2 +
DA QDs + ZnS/no ZnS +polysulfide + Pt counter.
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Reflectance measurements indicate a slight increase of light

absorption after ZnS coating the QDSCs, see Supporting Infor-

mation.

6. Dynamic Measurements of QDSCs

IS has been amply used in DSCs to determine electronic pro-

cesses and recombination dynamics.58,59 We discuss the

results of IS measurements on the specimens listed in Table

1. Impedance spectra are characterized by the presence of two

semiarcs, Figure 6a, that were treated using the equivalent cir-

cuit shown in Figure S3, Supporting Information. The high-

frequency semiarc is related to the counter electrode material

and presents higher resistances than the I-/I3- redox and the

platinized counter electrodes conventionally used in DSC.32

The low-frequency arc includes the chemical capacitance of

nanostructured TiO2 (Cµ), modified as indicated in eq 8, and

charge transfer resistance between TiO2 and the polysulfide

electrolyte (Rr). The latter quantity provides important infor-

mation on steady-state recombination flux. It has been sys-

tematically observed that colloidal QDSCs based on ZnS

treated electrodes exhibit negative capacitance behavior at

low frequencies,60 in contrast to nontreated photoanodes. This

indicates the existence of a nonconventional charge accumu-

lation effect, where the increase of charge diminishes as the

Fermi level increases, a process that is very probably caused

by surface states.61

Figures 6-9 show the recombination resistance and chem-

ical capacitance of TiO2 versus potential V for several QDSCs.

The potential drop in series resistance, in the counter elec-

trode and in the electrolyte, has been subtracted from the total

potential Vap, which removes the effect of the counter elec-

trode on both Rr and Cµ, see Figure 7a.

The general characteristic of the chemical capacitance is

shown in Figure 6b for ZnS coated cells. We find the standard

exponential rise of the chemical capacitance53 at forward bias

FIGURE 6. Experimental results of IS of QDSC with configuration
FTO + buffer + TiO2 + QDs + ZnS + polysulfide + Au counter, with
QDs deposited by DA, LA, and CBD: (a) impedance spectra at 0.8 V
in the dark; (b) chemical capacitance and (c) recombination
resistance, as a function of the voltage associated with the second
arc of panel a.

FIGURE 7. (a) Chemical capacitance and (b) recombination
resistance as a function of voltage in a QDSC with directly adsorbed
QDs (DA), with and without ZnS coating, using Au and Pt as the
counter electrode materials. IS under dark conditions.
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plus another feature, a plateau at intermediate potentials. This is

strong evidence that band unpinning occurs by the charging of

a deep surface state as proposed theoretically in section 4. Fig-

ures 7-9 compare the capacitance results with and without ZnS

coating, and it is observed that the presence of the dielectric film

causes a prolongation of the band unpinning to higher poten-

tials, in good agreement with the theoretical predictions of Fig-

ure 4. For CBD samples, the plateau region in Cµ is larger, Figure

6b, and is also clearly observed even for non-ZnS coated sam-

ples, see Figure 9a, indicating that the layer of QDs grown by

CBD also acts as an intermediate layer that amplifies the band-

shift. The plateau feature of the capacitance clearly indicates the

presence of a surface state that may induce recombination

through the monoenergetic level in the bandgap (processes 3

and 4 in Figure 1b). This process should cause a large decrease

in the FF of the QDSCs, as previously commented. It should be

pointed out that this behavior is not unique to QDSCs. A similar

effect has been clearly observed in TiO2 nanostructured elec-

trodes in aqueous electrolyte without light absorber53 and also

in DSCs with ionic liquid as hole conductor.62 Therefore the effect

cannot be only ascribed to the light absorber and indicates an

important role of the electrolyte. Further work is needed to clar-

ify completely the origin of this behavior.

The recombination resistance of TiO2 increases significantly

with the ZnS treatment, independently of the adsorption

method of the QDs, see Figures 7-9. The role of ZnS coat-

ing is to reduce the recombination of electrons from TiO2 into

the electrolyte, via the interposition of an intermediate layer.

The characteristic pattern of the recombination through a

monoenergetic surface state (i.e., a minimum in Rr
41) in the

recombination resistance can be observed at VF ≈ 0.2 V, espe-

cially for the LA and CBD samples coated with ZnS, Figures 8b

and 9b, respectively.

Figure 6c shows that Rr is always higher for the CBD spec-

imens, due to the higher surface coverage of TiO2, intrinsic of

the CBD preparation, as compared with DA and LA, which

exhibit a similar behavior. The same trend occurs in the

absence of the ZnS passivation treatment. These results indi-

cate that the CBD method produces a close-packed QD layer

that hinders electron recombination in the TiO2/electrolyte

interface due to the presence of an intermediate layer (the

QDs themselves), while the TiO2 surface is amply exposed to

the electrolyte for DA and LA QDs.39

From this analysis, it should be expected that the CBD sam-

ples perform substantially better than colloidal QD samples,

since they exhibit both a higher light absorption and a higher

FIGURE 8. (a) Chemical capacitance and (b) recombination
resistance as a function of voltage in a QDSC with linker-assisted
adsorbed QDs (LA), with and without ZnS coating, using Pt as the
counter electrode material. IS under dark conditions.

FIGURE 9. (a) Chemical capacitance and (b) recombination
resistance as a function of voltage in a QDSC with chemical bath
deposited QDs (CBD), with and without ZnS coating, using Au as the
counter electrode material. IS under dark conditions.
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recombination resistance. However, the CBD samples show a

moderate 14% increase of photocurrent compared with DA

specimens, indicating the presence of an additional recombi-

nation channel operating in the CBD samples. This mecha-

nism is not kinetically observed by IS measurements, which

means that the recombination channel is faster than 1 µs. The

origin of this mechanism could be the internal recombina-

tion in the close-packed QD layer produced by CBD (e.g., grain

boundary recombination), indicated by process 5 in Figure 1b,

which does not operate for the nearly isolated colloidal QDs.

Hodes has recently pointed out4 that thicker semiconductor

layers may increase internal recombination in the absorber,

and our results agree with this suggestion. A possible strat-

egy to reduce this internal recombination could be to intro-

duce a fast hole scavenger as Ru dye, as proposed in a

previous work.63

Finally, we discuss the electron lifetime, τn, in the QDSCs. This

parameter is frequently used to evaluate the solar cell perfor-

mance. Direct measurements of the electron lifetime extracted

from the Voc decay measurements64,65 are compared with the

lifetime calculated from IS, τn ) RrCµ. Figure 10a shows that the

ZnS coating leads to an increase of the electron lifetime in

QDSCs, which is expected by the effect of reduced recombina-

tion. A good agreement between the lifetime calculated by both

techniques is obtained, see Figure 10b, if Voc is shifted around

150 mV for Voc decay data. This fact is an additional indicator of

the presence of a surface state that is filled under the illumina-

tion conditions of Voc decay, in comparison to the dark condi-

tions of the IS measurements.66

7. Conclusion

A systematic analysis of CdSe QDSCs with polysulfide elec-

trolyte using three different QD adsorption strategies,

namely, CBD, DA, and LA, shows that the main recombina-

tion mechanism is the same as that operating in DSC: the

electrons photoinjected into the TiO2 recombine with the

redox couple in the electrolyte. This recombination can be

significantly reduced by the interposition of an intermedi-

ate layer as a ZnS coating. However, an additional recom-

bination pathway through a monoenergetic surface state,

identified by capacitance-voltage results from impedance

spectroscopy, causes a strong reduction of the FF and

decreases the energy conversion efficiencies of this kind of

solar cell. QDSCs prepared by CBD exhibit higher potenti-

alities than colloidal QDSCs due to both their higher recom-

bination resistance and higher light absorption. Neverthe-

less the relatively low increase in the photocurrent indi-

cates the presence of additional internal recombination

losses in closely packed QDs. Such recombination could be

counteracted by faster hole scavengers.
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FIGURE 10. (a) Electron lifetime from Voc decay of DA, LA, and CBD
samples with and without ZnS coating and (b) comparison between
electron lifetime obtained from IS measurements (points) and Voc

decay measurements (lines). In the latter, Voc has been shifted a
constant value (∆VZnS ) +0.170 V, ∆Vno ZnS ) +0.150 V), which
takes into account the surface state charging under illumination
conditions.
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60 Mora-Seró, I.; Bisquert, J.; Fabregat-Santiago, F.; Garcia-Belmonte, G.; Zoppi, G.;
Durose, K.; Proskuryakov, Y.; Oja, I.; Belaidi, A.; Dittrich, T.; Tena-Zaera, R.; Katty,
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Belmonte, G.; Bisquert, J. Chemical Capacitance of Nanoporous- Nanocrystalline
TiO2 in a Room Temperature Ionic Liquid. Phys. Chem. Chem. Phys. 2006, 8,
1827–1833.
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