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a b s t r a c t

A novel and thin ZnO compact blocking film is employed at the interface of fluorine-doped tin oxide (FTO)
substrate and mesoporous TiO2, and its influence on dye-sensitized solar cells (DSSCs) is investigated.
The ZnO film prepared by spin-coating method on FTO is characterized by energy-dispersive X-ray spec-
troscopy (EDX), scanning electron microscopy (SEM), and UV–vis spectrophotometer. The ZnO film is
firstly employed as an energy barrier between FTO and mesoporous TiO2 film in DSSCs, which improves
open-circuit photovoltage (Voc) and fill factor (FF) with compensation of Jsc decrease, finally increasing
energy conversion efficiency from 5.85% to 6.70%. Electrochemical impedance spectra (EIS) analysis and
open-circuit voltage decay (OCVD) technique reveal that the existence of the energy barrier not only
nergy barrier

lectron density
ye-sensitized solar cells
lectrochemical properties

resulted in the effect of suppressing back electrons transfer from FTO to electrolyte but also blocking the
electrons injection from the conductive band of TiO2 to FTO. The former effect effectively reduces the
recombination which occurs in the region of FTO substrate, and the latter leads to remarkable increment
of electron density in the TiO2, thus resulting in enhanced Voc and FF. These results suggest that the
methodology of introducing the semiconductor with a more negative conduction band edge than TiO

lm in
as the compact blocking fi

. Introduction

Dye-sensitized solar cells (DSSCs) based on nanocrystalline
iO2 have attracted extensive attentions in academic research and
ndustrial applications since O’ Regan et al. reported their break-
hrough discovery in 1991 [1], and may offer an alternative to
onventional semiconductor-based solar cells due to their low cost
nd high efficiencies. DSSC is typically composed of a mesoporous
anocrystalline TiO2 film covered by a monolayer of dye molecules,
lectrolyte, and counterelectrode. Recently, a range of fabrication
rocedures have been applied to modify their interfaces to improve
he performance of the device. Such as electrode surface modifica-
ion of TiO2 through introducing Nb2O5 [2], ZnO [3,4], MgO [5,6],
l2O3 [7,8], and so on, mainly focuses on the decrease of the inter-

acial charge recombination by forming an energy barrier between
he TiO2 electrodes and the electrolyte. In addition, many efforts

ave been made to investigate the interface of electrode/dye [9,10]
nd dye/electrolyte [11] to optimize the interfacial dynamics. On
he other hand, a few groups have also studied the interface of
onducting glass/TiO2 mainly to investigate its effect on the per-
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DSSCs may be feasible.
Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved.

formance of DSSCs by employing a compact film [12–14]. However,
research on such important interface is not intense as compared to
modification of the others.

Zhu et al. [15] reported that recombination occurs predomi-
nantly in the region of fluorine-doped tin oxide (FTO) substrate
rather than homogeneously across the depth of the TiO2 film based
on the results from Intensity-Modulated Infrared Spectroscopy
(IMIS) analysis. So it is essential to introduce an efficient com-
pact blocking layer to the FTO glass surface to decrease the charge
recombination between electrons emanating from the FTO sub-
strate and I3− ions present in the electrolyte. In the past decade,
a majority of the researches on the interface of FTO/TiO2 employed
TiO2 as the compact film [16–18], and they found that the influence
of TiO2 compact layer is extremely relevant for the determination
of DSSCs parameters. It has been reported by Xia et al. [19,20] that
an effective Nb2O5 blocking layer by sputtering method to cre-
ate a potential barrier between the FTO substrate and TiO2, which
improved open-circuit photovoltage and fill factor, and kept good
short-circuit photocurrent density (Jsc) by controlling the thickness

of Nb2O5 layer. Recently, Nb doped-TiO2 (NTO) thin film deposited
on FTO substrate to form a compact film for DSSCs by pulsed
laser deposition (PLD), which achieved an obvious effect has been
reported [21,22]. Nevertheless, Nb2O5 and NTO are expensive com-
pact materials, and the methods of sputtering or PLD may not be the

ghts reserved.
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Fig. 1. Schematic view of the electron transfer with and without ZnO layer.

est choice for industrialization due to the high cost of manufac-
uring process. On the other hand, it is revelatory for us to suppose
hat a methodology of introducing an energy barrier at FTO/TiO2
nterface rather than the surface of TiO2 electrode may be feasible.

ZnO is one of the promising semi-conducting materials in the
omain of solar energy conversion due to its stability against pho-
ocorrosion and photochemical properties. Several researches have
mployed ZnO to reduce the recombination at electrode/electrolyte
nterface as having a more negative conduction band edge than TiO2
3,4,23]. However, it has never been applied as a compact film at
he interface of FTO/TiO2, probably due to its foreseeable block-
ng effect for the electrons injection from TiO2 to FTO. It has also
een reported by Horiuchi et al. [24] that ZnO can be dissolved to
ome extent by forming an aggregate with N3 sensitizer, and this
ormation of N3-Zn2+ will lead to an inefficient electron injection.
owever, the effect of this aggregate plays little role in the present
ase, since the ZnO layer was compact and almost covered by meso-
orous TiO2 film which resulted in a small portion of ZnO exposed
o the sensitizer, and the electrons was mainly injected into the
onductive band of ZnO from mesoporous TiO2 film rather than
he sensitizer. So this aggregation will not influence considerably
he electron transfer in the photoelectron conversion process.

In this paper, we report a low-cost effective ZnO compact block-
ng film at FTO/TiO2 interface by a facile spin-coating method,

hich mainly plays the role of creating an energy barrier between
TO substrate and TiO2 film. This potential barrier will result in
he following two effects to charge transport at the interface of
TO and TiO2: (a) suppressing back electrons transfer from FTO
o electrolyte; and (b) blocking the electrons injection from the
onductive band of TiO2 to FTO which would further affect the elec-
ron density in TiO2. The latter effect has seldom been reported
robably because the blocking effect of electrons injection to FTO

s considered to be useless. In this study, however, we make use
f this blocking effect to increase the electron density in TiO2,
nd thus the rise of Fermi level, which will improve Voc remark-
bly. The schematic view of electron transfer with and without
nO layer is shown in Fig. 1. We report here the details of the
abrication and the characterization of ZnO film. Furthermore,
e discuss its effect to the photoelectron conversion process by

urrent-voltage characteristics, open-circuit voltage decay (OCVD)
echnique and electrochemical impedance spectroscopy (EIS) anal-
sis of the devices, which support our foregoing supposition.

. Experimental
.1. Materials

Poly (ethylene glycol) (PEG, MW = 20,000), Triton-X100, Zinc
cetate, diethanolamine (DEA), HNO3, CH3COOH, and propy-
rces 196 (2011) 475–481

lene carbonate (PC) were obtained from Sinopharm Chemical
Reagent Corporation (China). Lithium iodide (LiI, 99%), 4-tert-
butylpyridine (TBP) and titanium tetraisopropoxide (98%) were
purchased from Acros. Iodine (I2, 99.8%) was obtained from
Beijing Yili chemicals (China). The Ru dye, cis-di(thiocyanato)-
bis(2,2′-bipyridyl-4,4′-dicarboxylate) ruthenium(II) (N719), were
purchased from Solaronix (Switzerland). All the reagents used
were of analytical purity. Fluorine-doped SnO2 conductive glass
(FTO, sheet resistance 10–15 � sq−1, Asahi Glass, Japan) were
used as the substrate for spin-coating the ZnO compact block-
ing layer and the deposition of mesoporous nanocrystalline TiO2
film.

2.2. Preparation and characterization of ZnO compact blocking
film.

ZnO film was prepared with the method reported previously
[25]. In short, Zinc acetate was added into 50 ml of absolute ethanol
under stirring (50 ◦C). When the solution changed into a white
emulsion, an amount of DEA was added into the emulsion, the
molar ratio of DEA/Zinc acetate being 1:1. The emulsion then
became clear immediately. After stirring for about 10 min, the con-
tent became a steady homogeneous sol without any precipitation.
To investigate the effects of ZnO layer on the performance of DSSCs,
spin-coating method was applied to coat the zinc acetate sol at dif-
ferent concentration (0.1–0.5 M) on the clean FTO substrates with
the same rotate speed and time. The coating films were dried in
air for 30 min, and then sintered at 500 ◦C for an hour to form ZnO
compact blocking layer.

Energy-dispersive X-ray spectroscopy (EDX, GENESIS 7000)
was used to determine the chemical species of the compos-
ite substrates. The thickness of ZnO film was measured with a
TalyForm S4C-3D profilometer (UK). The surface morphology of
ZnO compact blocking layer was observed by scanning electron
microscopy (SEM, Sirion FEG, USA). UV–vis adsorption spectra
were recorded on a UV–vis–NIR spectrophotometer (Cary 5000,
Varian).

2.3. Device fabrication

TiO2 colloid which was synthesized by hydrolysis of titanium
tetraisopropoxide according to the reported procedure [26] was
used to prepare mesoporous nanocrystalline TiO2 film by a doctor-
blading technique. The edges of the conducting glass were covered
with adhesive tapes as the frame. To make the TiO2 films with the
same thickness, the concentration of TiO2 colloid and the layer
numbers of tapes were same for each sample. The TiO2 colloids
was spread on both bare FTO and FTO/ZnO substrates, followed
by sintering at 500 ◦C for 30 min. The thickness of the film was
10 �m, as measured with a TalyForm S4C-3D profilometer (UK).
The mesoporous TiO2 electrode was preheated at 120 ◦C for 20 min,
and then immersed into the solution of cis-di(thiocyanato)-bis(2,2′-
bipyridyl-4,4′-dicarboxylate) ruthenium(II) with a concentration of
500 �M in the mixture of acetonitrile and tert-butyl alcohol (vol-
ume ratio: 1/1) at 60 ◦C for 12 h. Then the electrodes were washed
with acetonitrile to remove the accumulated dye molecules on the
surface of nanocrystalline TiO2 to ensure that the film was cov-
ered with a monolayer of dye molecules. A sandwich-type DSSC
configuration was fabricated by assembling the dye-loaded meso-
porous TiO2 with platinum plate counter electrode. The assembled
cell was then clipped together as an open cell. An electrolyte com-

posed of 0.1 M 1-propy-3-methylimidazolium iodide (PMII), 0.05 M
LiI, 0.1 M GNCS, 0.03 M I2, 0.5 M 4-tert-butylpridine (TBP) in mixed
solvent of acetonitrile and propylene carbonate (PC) (volume ratio:
1/1) was injected into the open cell from the edges, and then the
cell was tested immediately.
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to 0.65) with Jsc decrease by 8.8% (from 16.48 to 15.02 mA cm−2),
finally resulting in the highest energy conversion efficiency 6.7%
which was 14.5% higher than the device based on bare FTO sub-
strate. It shows the merits of introducing ZnO compact blocking

Table 1
The performance of DSSCs without and with ZnO compact bloking layera.

Sample Jsc (mA cm−2) Voc (mV) FF Eff (%)

FTO 16.48 636.36 0.56 5.85
FTO/ZnO (0.1 M)b 15.79 655.53 0.56 6.08
Fig. 2. EDX spectra for FTO/ZnO (0.5 M) substrate.

.4. Photoelectrochemical and electrochemical measurements

A 500W Xenon light source (Oriel 91192, USA) was used to give
n irradiance of 100 mW cm−2 (AM 1.5, global) which was cali-
rated by a Si photodiode. The current-voltage characteristics of the
ells were recorded by applying external potential bias to the device
nd measuring the generated photocurrent with a source meter
model 2400, Keithly Instruments Inc., USA). The irradiated area of
ach cell was kept as 0.25 cm2 by using a light-tight metal mask
or all samples. Impedance measurements were performed with
computer-controlled electrochemical workstation (CHI660C, CH

nstruments) under the bias voltage of 0.7 V in the illumination. The
requency range was 0.05–100 KHz and the magnitude of modula-
ion signal was 0.01 V.

. Results and discussion

.1. Characterization of the FTO/ZnO substrate

To confirm the formation of ZnO on the FTO substrates, an EDX
easurement was carried out as shown in Fig. 2. We can clearly

istinguish the peak position of zinc from others, which are Sn, Si,
of which FTO is composed and Pt element resulting from vacuum

eposition of Pt to increase conductivity. As shown in Fig. 2, chem-
cal atomic wt% composition analysis for silicon, tin, zincum and
xygen elements estimated from the EDX spectrum well supported
he formation of ZnO on the FTO substrates. The concentration of
n(CH3COO)2 strongly affects the thickness of ZnO film when spin-
oated under the same rotate speed and time, as indicated by the
elationship between thickness and Zn(CH3COO)2 concentration
hown in Fig. 3. It is obvious from Fig. 3 that the thickness of ZnO
lm goes up linearly with the increase of Zn(CH3COO)2 concen-
ration, and the blocking effect of electrons injection from TiO2 to
TO will also be enhanced, which is discussed in Section 3.2. Fig. 4
hows the SEM surface morphology of ZnO layer on the FTO sub-
trates. From the surface of FTO/ZnO (0.1 M) substrate we can still
bserve the characteristic morphology of tin oxide crystals, since
he thickness of ZnO film is relatively thinner and only about 50 nm
Fig. 3). As can be seen from Fig. 4, the higher the concentration of
n(CH3COO)2, the more the surface gets flatter, and the ZnO particle

rows slightly in size.

In addition, it is necessary for us to investigate the optical prop-
rties of the substrates after introducing the compact blocking film,
ince the devices were illuminated from FTO substrate side in work-
ng condition. Fig. 5 shows the UV–vis spectra of the bare FTO
Fig. 3. The thickness of ZnO layer dependence on the concentration of zinc acetate.

and FTO/ZnO substrates. In the region from 400 nm to 800 nm, the
absorption and the transmission of FTO/ZnO do not change almost
compared with those of bare FTO substrate, which implies that the
ZnO film will not influence the harvest of light in the most region of
visible light. Though, the transmission obviously decreases (absorp-
tion increases) with the increment of Zn(CH3COO)2 concentration
in the region from 300 nm to 400 nm, the optical transmission of
FTO/ZnO substrates in the whole region of visible light are suffi-
ciently high to be employed in DSSCs. The slightly differences in
the optical properties of the substrates with and without ZnO film
may be used to explain partial electrochemical characterization of
the devices, e.g. the decrease of short-circuit photocurrent density
(Jsc).

3.2. Influence of ZnO compact blocking layer on the performance
of DSSCs

Fig. 6(a) shows the photocurrent density-voltage characteris-
tics of DSSCs based on the FTO/ZnO and bare FTO substrates at
AM 1.5 irradiation of 100 mW cm−2. Detailed photovoltaic perfor-
mance parameters of DSSCs with different substrates are listed in
Table 1. The short-circuit photocurrent density (Jsc), open-circuit
voltage (Voc) and fill factor (FF) of device without ZnO film were
16.48 mA cm−2, 636.36 mV and 0.56, respectively, corresponding
to an energy conversion efficiency of 5.85%. After spin-coating a
ZnO film at the interface of FTO/TiO2, the device gave improvement
in open-circuit voltage and fill factor, while Jsc decreased to some
extent with the increase of Zn(CH3COO)2 concentration. Especially
in the case of FTO/ZnO (0.2 M), the device gave an improvement
of V about 50 mV and fill factor increased by 16.1% (from 0.56
FTO/ZnO (0.2 M) 15.02 690.05 0.65 6.70
FTO/ZnO (0.3 M) 13.77 690.51 0.67 6.38
FTO/ZnO (0.5 M) 11.18 692.02 0.68 5.23

a The parameters were tested under AM 1.5 full sunlight (100 mW cm−2).
b The numerical value in parentheses was the concentration of zinc acetate.
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est R1 resistance (14.98 �). This implies that the existence of ZnO
layer increased the interfacial resistance between FTO substrate
and TiO2, since the conduction band edge of ZnO is more negative
than that of TiO2, which resulted in the form of an energy bar-

Table 2
Fitting results of EIS analysis.
ig. 4. Scanning electron micrograph of the surface morphology of (a) FTO and Zn
fter calcinations at 500 ◦C.

lm at FTO/TiO2 interface by spin-coating method. Upon further
ncreasing the concentration of Zn(CH3COO)2, Voc and FF changed
lightly, however, Jsc decreased which resulted in the reduction of
nergy conversion efficiency. Upon increasing the concentration of
n(CH3COO)2 to 0.5 M, the ZnO compact blocking layer (360 nm,
s shown in Fig. 2) became excessively thick, which resulted in
he drastic decrease of Jsc (from 16.48 to 11.18 mA cm−2). This
as due to the strong effect of an energy barrier by blocking

he electrons injected from conductive band of TiO2 to FTO sub-
trate and the slightly decrease of transmission in the shortwave
egion (Fig. 5). Therefore, it is very important to control and opti-
ize the thickness of ZnO layer by adjusting the concentration of

n(CH3COO)2.
To investigate the effect of ZnO film of suppressing back

lectrons transfer from FTO to electrolytes, the photocurrent
ensity-voltage characteristics were also measured in the dark. As
an be seen in Fig. 6(b), the dark current of DSSCs based on FTO/ZnO
ubstrates decreased markedly compared with bare FTO. And the
ark current decreased with the increase of Zn(CH3COO)2 concen-
ration. The reduction of the dark current demonstrates that the
nO layers successfully reduced the reaction sites for the charge
ecombination between electrons emanating from the FTO sub-
trate and I3− ions present in the electrolyte [27], and implies that
nO is a good material for the compact layer in DSSCs. Meanwhile,
he effect of ZnO film of suppressing the dark current will relax the
locking effect for electrons injection, which probably reduces the
ecay of Jsc.
Electrochemical impedance spectroscopy (EIS) analysis has
een regarded as a useful tool for investigating the electron-
ransport and recombination in DSSCs. To further characterize the
inetics of electrochemical progress occurring in DSSCs based on
TO/ZnO substrate and the effect of ZnO layer, the electrochemical
pact blocking layers with (b) 0.1 M, (c) 0.2 M, (d) 0.5 M zinc acetate concentration

impedance spectroscopy of DSSCs based on FTO and FTO/ZnO sub-
strates were measured in the illumination with the bias voltage of
0.7 V. Fig. 7 shows Nyquist plots of DSSCs based on FTO, FTO/ZnO
(0.2 M), FTO/ZnO (0.5 M) substrates. The impedance components
of the interfaces in DSSCs observed in the frequency regions of
103 to 105 Hz (ω1), 1 to 103 Hz (ω2), 0.1 to 1 Hz (ω3) are asso-
ciated with the charge transport at the FTO/TiO2 and Pt counter
electrode/electrolyte interfaces (Z1), the TiO2/dye/electrolyte inter-
faces (Z2), and the Nernstian diffusion in the electrolyte (Z3),
respectively [28,29]. Table 2 summarized the results of EIS anal-
ysis fitted by using an equivalent circuit containing a constant
phase element (CPE) and resistance (R) (Fig. 7, inset). The resis-
tance of the Z1 component (R1), which is given by the sum of
resistances of counter electrode/electrolyte and FTO/TiO2 inter-
faces [30], increased to some extent upon spin-coating ZnO film.
Since an identical Pt counter electrode was employed for all the
devices, the noticeable difference at the interfaces of FTO/TiO2 was
wholly responsible for the increase of R1. R1 of DSSCs based on
bare FTO substrate (4.14 �) was lower to that of FTO/ZnO (0.2 M)
(4.80 �), and the sample of FTO/ZnO (0.5 M) achieved the high-
Sample R1 (�) R2 (�) ωmax of Z2 (Hz)

FTO 4.14 20.84 4.54
FTO/ZnO (0.2 M) 4.80 16.29 6.64
FTO/ZnO (0.5 M) 14.98 15.42 11.91
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subsequent decay of photovoltage (Voc) after turning off the illumi-
nation in a steady state [36]. As shown in Fig. 8, it is obvious that
ig. 5. Optical properties of bare FTO and FTO/ZnO substrates with different con-
entration of zinc acetate. (a) absorption spectra (b) transmission spectra.

ier at the interface of FTO/TiO2. This energy barrier will block the
lectrons injected from the conductive band of TiO2 to FTO, so the
hort-circuit photocurrent density (Jsc) of DSSCs based on FTO/ZnO
ubstrates decreased compared to that of bare FTO, which was in
ood agreement with the previous photocurrent density-voltage
haracteristics. As a consequence, the photogenerated electrons
ill accumulate in the conductive band of TiO2, which led to the

ncrement of electron density in TiO2, and thus the shift of Fermi
evel for electrons in the TiO2 electrode. In general, the open-circuit
oltage (Voc) value of a DSSC is defined as the difference in energy
etween Fermi level of the photoelectrode semiconductor oxide
nd the redox potential of the electrolyte [31,32]. Therefore, the
ise of Fermi level resulting from the increase of electron density
n the conductive band of TiO2 will improve the Voc remarkably,

hich has been demonstrated by the photocurrent density-voltage
haracteristics. In addition, R2, the resistance of interfacial charge-
ransfer from the TiO2 to triiodide in the electrolyte, decreases due
o the increase of electron density in the TiO2 [33,34]. As shown
n Table 2, R2 of DSSCs based on bare FTO, FTO/ZnO (0.2 M) and
TO/ZnO (0.5 M) substrates were 20.84 �, 16.29 � and 15.42 �,
espectively, which also demonstrated the increase of electron den-

ity in the conductive band of TiO2 after introducing the ZnO as the
ompact blocking layer. On the other hand, the electron lifetime in
iO2 is inversely proportional to the frequency of maximum Z′′ at
Fig. 6. Photocurrent density-voltage characteristics of DSSCs based on ZnO compact
blocking layers with different concentration of zinc acetate: (a) measured under AM
1.5 irradiation of 100 mW cm−2, (b) measured in the dark.

the Z2 component (ωmax) [35].

� = 1
ωmax

(1)

As can be seen in Table 2, ωmax of the samples based on bare
FTO, FTO/ZnO (0.2 M) and FTO/ZnO (0.5 M) substrates were 4.54 Hz,
6.64 Hz and 11.91 Hz, respectively, which increased after employ-
ing the ZnO compact blocking layer. Therefore, the electron lifetime
was reduced in the present of ZnO compact blocking film, which
was seldom reported in previous researches on TiO2-based com-
pact film.

In order to explore the origin of the decrease in electron life-
time, open-circuit voltage decay (OCVD) characteristics of devices
based on bare FTO, FTO/ZnO (0.2 M) and FTO/ZnO (0.5 M) substrates
were measured (Fig. 8). OCVD is a technique which monitors the
the values of photovoltage response of the DSSCs based on FTO/ZnO
substrates were higher than the device based on bare FTO in the
whole time domain. It also demonstrates the increment of electron
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in the low fill factor. Based on the foregoing discussion, one can infer
ig. 7. Nyquist plots of DSSCs based on FTO, FTO/ZnO (0.2 M), FTO/ZnO (0.5 M) sub-
trates. The impedance spectra were measured in the illumination with the bias
oltage of 0.7 V.

ensity in the TiO2, since the decay of photovoltage reflects the
ecrease of the electron density in the TiO2, which is mainly caused
y the charge recombination [37]. In other words, the recombina-
ion rate of photoelectron is proportional to the rate of photovoltage
ecay. Therefore, we calculated the rate of open-circuit voltage
ecay (dVoc × dt−1) based on the different substrates obtained from
he date shown in Fig. 8 (except the platform), which is inversely
roportional to the electron lifetime as reported by others [24,25].

= −kBT

e

(
dVoc

dt

)−1

(2)

One should pay close attention to the start point of the curve in
ig. 9, which shows the dependence of dVoc × dt−1 on time, since
he onset for the curve mainly reflects the recombination rate of
hotoelectron of the device in illumination corresponding to a high
lectron density. In the short time region, we can see that the abso-
ute values of dVoc × dt−1 based on FTO/ZnO were upper to bare

TO substrate, which implies that the recombination rate of photo-
lectron in the present of ZnO compact blocking film was higher
han bare FTO substrate. Since the mesoporous TiO2 films were
repared by the identical fabrication procedures, the density of

ig. 8. Open-circuit potential decay for the DSSCs based on FTO, FTO/ZnO (0.2 M)
nd FTO/ZnO (0.5 M) substrates.
Fig. 9. Dependence of the rate of open-circuit voltage decay (dVoc × dt−1) on time
based on different substrates: FTO, FTO/ZnO (0.2 M), FTO/ZnO (0.5 M).

recombination center and bulk traps inside the TiO2 electrode for
each sample was the same. Consequently, the increase of recombi-
nation rate was mainly related to the increase of electron density
after introducing the ZnO layer, resulting in the decrease of electron
lifetime by Eq. (2), which was in good agreement with the value of
electron lifetime (�) corresponding to the onset of each curve in
Fig. 10. In addition, the absolute value of dVoc × dt−1 of the samples
based on FTO/ZnO substrates were lower than the value of bare FTO
after 0.5 s, which means that the recombination rate reduced after
the electron density of the samples based on FTO/ZnO substrates
decayed to a normal level, corresponding to a longer electron life-
time (�) as shown in Fig. 10, for the main reason of suppressing
back electron transfer from FTO to electrolyte.

The fill factor is a measure which reflects the increase in recom-
bination or decrease in photocurrent with increasing photovoltage
[38]. If the electron transfer rate from TiO2 to the triiodide increases,
the potential of the TiO2 will become less negative for the decrease
of the electron density in the conductive band of TiO2, which results
that the recombination rate of photoelectron increased after intro-
ducing ZnO as the compact blocking film, however, we obtained a
remarkable increment of the electron density in TiO2, which leads

Fig. 10. Electron lifetime (in log-linear representation) as a function of open-circuit
voltage (Voc) for DSSCs based on different substrates: FTO, FTO/ZnO (0.2 M), FTO/ZnO
(0.5 M).
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