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An effective ZnO compact film (ZCF) has been introduced at the interface of fluorine doped tin oxide (FTO)
substrate and mesoporous TiO, layer, and its effect on dye-sensitized solar cells (DSSCs) has been com-
pared to that of conventional TiO, compact film (TCF). The ZCF and TCF prepared by spin-coating method
on FTO are characterized by energy-dispersive X-ray spectroscopy (EDX), scanning electron microscopy
(SEM), and UV-vis spectrophotometer. The existence of TiO, can suppress the recombination occurring at
the interface of FTO/electrolyte, resulting in a higher Jic and V, than bare FTO. The ZCF creates an energy
barrier between FTO substrate and mesoporous TiO, layer, which not only reduces the electron back
transfer from FTO to I;~ in the electrolyte, but also leads to the accumulation of photogenerated electrons,
and increases the electron density in the conduction band of TiO,. The device based on FTO/ZCF substrate
remarkably improves V. and FF, finally increases energy conversion efficiency by 13.1% compared to the
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device based on bare FTO and 4.7% compared to the counterpart based on FTO/TCF.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Since O’Regan et al. reported their breakthrough discovery in
1991 [1], dye-sensitized solar cells (DSSCs) based on nanocrys-
talline TiO, have attracted extensive attentions in academic
research and industrial applications. Owing to the low cost and
high efficiencies, DSSCs may offer an alternative to conventional
semiconductor-based solar cells. A typical DSSC consists of a meso-
porous nanocrystalline TiO, film covered by a monolayer of dye
molecules, electrolyte, and counterelectrode. Recently, intensive
efforts have been carried out to modify the interfaces of each part
to improve the photoelectrochemical performance. For example,
Au [2], ZnO [3,4], MgO [5,6], and Al,03 [7,8] have been intro-
duced to modify the surface of mesoporous TiO, electrode, which
mainly focuses on decreasing the interfacial charge recombination
via forming an energy barrier between TiO, electrode and elec-
trolyte. In addition, many efforts have been made to investigate the
interface of electrode/dye [9,10] and dye/electrolyte [11] to opti-
mize interfacial dynamics. On the other hand, a few groups have
studied the interface of conducting glass/TiO, mainly to investi-
gate its effect on the performance of DSSCs by employing a compact
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film [12-14]. However, research on this important interface is not
intense as compared to modification of the others.

It is essential to introduce an efficient compact film to FTO glass
surface to reduce the charge recombination between electrons
emanating from FTO substrate and I3~ ions present in electrolyte.
Zhu et al. [15] reported that recombination occurs predominantly
in the region of fluorine doped tin oxide (FTO) substrate rather
than homogeneously across the depth of the TiO, film based on
the results from Intensity-Modulated Infrared Spectroscopy (IMIS)
analysis. In the past decade, a majority of researches employed TiO,
as the compact film on the interface of FTO/TiO, [16-18], and it has
been found that the influence of TiO, compact layer is extremely
relevant for the determination of DSSCs performance. It has been
reported by Xia et al. [19,20] that an effective Nb,O5 compact
film was introduced by sputtering method to create a poten-
tial barrier between the FTO substrate and TiO,, which improved
open-circuit photovoltage and fill factor, and kept short-circuit
photocurrent density (Jsc) virtually unchanged by controlling the
thickness of Nb,Os layer. Recently, Nb doped-TiO, (NTO) thin film
was deposited on FTO substrate to form a compact film for DSSCs
by pulsed laser deposition (PLD), which achieved an obvious effect
[21,22]. Nevertheless, Nb,O5 and NTO are expensive materials for
compact film, and the methods of sputtering or PLD may not be the
best choice for industrialization due to the high cost of manufac-
turing process. On the other hand, it is revelatory for us to suppose
that a methodology of introducing an energy barrier at FTO/TiO,
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Fig. 1. Schematic view of the electron transfer with TCF and ZCF layers.

interface rather than the surface of TiO, electrode may be more
feasible.

Due to its stability against photocorrosion and photochemical
properties, ZnO has been widely investigated for the application
on dye-sensitized solar cells [23-25]. In our previous work [26],
we first developed ZnO by a facile spin-coating method as com-
pact film at FTO/TiO, interface with an enhanced performance
(improvement of V., fill factor, and energy conversion efficiency).
We have systematically investigated the thickness effect of ZnO
compact film (ZCF) to electrochemical performance. However, to
our best knowledge, the different mechanism of ZCF to photoelec-
tron conversion process have not been reported, comparing with
conventional TiO, compact film (TCF).

In this work, we introduced ZnO as the compact film at FTO/TiO,
interface, which mainly plays the role of creating an energy barrier
between FTO substrate and mesoporous TiO layer. This potential
barrier will lead to the following two effects to charge transport
at the interface of FTO and TiO,: (a) suppressing back electrons
transfer from FTO to electrolyte and (b) blocking the electrons
injection from the conduction band of TiO, to FTO which would
further affects the electron density in TiO,. The latter effect does
not exist in the condition of employing TiO, as the compact film.
The schematic view of electron transfer with ZCF and TCF is shown
in Fig. 1. We report here the details of fabrication and character-
ization of ZnO compact film (ZCF) and TiO, compact film (TCF).
Furthermore, we investigated their different influences to photo-
electron conversion process and the performance of DSSC in the
same condition, which have been supported by the results from
current-voltage characteristics, open-circuit voltage decay (OCVD)
technique and electrochemical impedance spectroscopy (EIS) anal-
ysis of the devices.

2. Experimental details
2.1. Materials

Poly (ethylene glycol) (PEG, MW=20000), Triton-X100, Zinc acetate,
diethanolamine (DEA), tetrabutyl titanate (TBT), HNO3;, CH3COOH, and propy-
lene carbonate (PC) were obtained from Sinopharm Chemical Reagent Corporation
(China). Lithium iodide (Lil, 99%), 4-tert-butylpyridine (TBP), guanidinium thio-
cyanate (GNCS) and titanium tetraisopropoxide (98%) were purchased from Acros.
lIodine (I, 99.8%) was obtained from Beijing Yili chemicals (China). The Ru dye, cis-
di(thiocyanato)-bis(2,2’-bipyridyl-4,4'-dicarboxylate) ruthenium(Il) (N719), were
purchased from Solaronix (Switzerland). All the reagents used were of analytical
purity. Fluorine-doped SnO, conductive glass (FTO, sheet resistance 10-15Qsq~’,
Asahi Glass, Japan) were used as the substrate for spin-coating ZCF and TCF.
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Fig. 2. EDX spectra for (a) FTO/TCF and (b) FTO/ZCF substrates.

2.2. Preparation and characterization of ZnO and TiO, compact films

ZnO sol was prepared according to previous publication [27]. Firstly, 1.84 g 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 emul-
sion, the molar ratio of DEA/Zinc acetate being 1:1. The emulsion then became clear
immediately. After stirring for about 10 min, the content became a steady homoge-
neous sol without any precipitation. TiO, sol was fabricated as the following process.
Firstly, 3.4 ml tetrabutyl titanate and 0.8 ml diethanolamine were dissolved in 40 ml
ethanol and stirred vigorously for 1h at 40°C until a homogeneous solution was
formed. A mixture of 0.2 ml H,0 and 9ml ethanol was added dropwise into the
formed solution under rapid stirring. Then the resulting solution, aged for 24 h at
room temperature, resulted in a TiO, sol.

To investigate the effects of ZnO and TiO; compact films on the performance of
DSSCs, spin-coating method was applied to coat forementioned ZnO and TiO sols
at the same concentration (0.2 M) on clean FTO substrates. The coating films were
dried in air for 30 min, and then sintered at 500 °C for an hour to form ZnO and TiO,
compact films, the thickness of two compact films is controlled as about 150 nm.

Energy-dispersive X-ray spectroscopy (EDX, GENESIS 7000) was used to deter-
mine the chemical species of the composite substrates. The surface morphology
of ZnO and TiO, compact films 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 and measurements

Mesoporous nanocrystalline TiO, film was fabricated with a colloid, which were
prepared by the hydrolysis of titanium tetraisopropoxide according to the reported
procedure [28], by a doctor-blading technique. The edges of conducting glass were
covered with adhesive tapes as the frame. The concentration of TiO; colloids and
the layer numbers of tapes are same to make the TiO, films with same thickness.
The TiO; colloids was spread on bare FTO, FTO/TCF and FTO/ZCF substrates, fol-
lowed by sintering at 500°C for 30 min. The thickness of mesoporous TiO, film
was 10 wm, as measured with a TalyForm S4C-3D profilometer (UK). The meso-
porous TiO; 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) ruthe-
nium(II) with a concentration of 500 M in the mixture of acetonitrile and tert-butyl
alcohol (volume 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
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Fig. 3. Scanning electron micrograph of the surface morphology of (a) bare FTO, (b) TiO, compact film (TCF) and (c) ZnO compact film (ZCF) after calcinations at 500°C.

nanocrystalline TiO, to ensure that the film was covered with a monolayer of dye
molecules. A sandwich-type DSSC configuration was fabricated by assembling the
dye-loaded mesoporous TiO, with platinum plate counter electrode. The assembled
cell was then clipped together as an open cell. An electrolyte composed of 0.1 M 1-
propy-3-methylimidazolium iodide (PMII), 0.05 M Lil, 0.1 M GNCS, 0.03M I, 0.5M
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.

A 500 W xenon light source (Oriel 91192, USA) was used to give an irradiance of
90.4 mW cm~2 (AM 1.5, global) which was calibrated by a Si-1787 photodiode (spec-
tral response range: 320-730 nm). The current-voltage characteristics of the cells
were recorded by applying external potential bias to the device and measuring the
generated photocurrent with a source meter (model 2400, Keithly Instruments Inc.,
USA). The irradiated area of each cell was kept as 0.25 cm? by using a light tight metal
mask for all samples. Impedance measurements were performed with a computer-
controlled electrochemical workstation (CHI660C, CH Instruments) under the bias
voltage of Vo in the illumination. The frequency range was 0.05-100 kHz and the
magnitude of modulation signal was 0.01 V.

3. Results and discussion

To confirm the formation of ZnO and TiO, on FTO substrates, an
EDX measurement was carried out. As shown in Fig. 2(a) and (b),
we can clearly distinguish the peak position of zinc and titanium
from others, respectively, which are Sn, Si, O. Those are the com-
position of FTO. Fig. 3 shows the SEM surface morphology of bare
FTO, FTO/TCF, and FTO/ZCF substrates. The bare FTO surface shows
characteristic morphology of tin oxide crystals (Fig. 3a), in which
particle size is around 100-400 nm. After spin-coating ZCF and TCF,
we can observe that both of the substrates were covered with small

particles, which were homogeneously distributed on FTO surface,
as shown in Fig. 3(b) and (c). Based on the characterization of SEM,
we can confirm that the two compact films successfully prevented
the physical contact of FTO and mesoporous TiO,.

In addition, it is necessary for us to investigate the optical prop-
erties of the substrates after introducing the compact film, since the
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Fig. 4. UV-spectra of bare FTO, FTO/TCF and FTO/ZCF substrates.
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Fig. 5. Photocurrent density-voltage characteristics of DSSCs based on bare FTO,
FTO/TCF and FTO/ZCF substrates. Solid symbols were measured under AM 1.5 irra-
diation of 90.4 mW cm~2. Open symbols were measured in the dark.

devices were illuminated from FTO substrate side in working condi-
tion. Fig. 4 shows the UV-spectra of bare FTO, FTO/TCF, and FTO/ZCF
substrates. In the region from 400 nm to 800 nm, the transmission
of FTO/ZCF do not change almost compared with those of bare FTO
substrate, which implies that ZCF will not influence the harvest
of light in the most of the visible region. Though, the transmis-
sion obviously decreases in the region from 300 nm to 400 nm, the
optical properties of FTO/ZCF are more applicable for DSSCs than
FTO/TCF substrate. Since the transmission of FTO/ZCF is higher than
that of FTO/TCF substrate in the whole region of visible light.

Fig. 5 presents the photocurrent density-voltage characteris-
tics of DSSCs employing bare FTO, FTO/TCF, and FTO/ZCF substrates
at an irradiance of AM 1.5 sunlight (90.4 mW cm~2). And detailed
photovoltaic performance parameters of DSSCs with different sub-
strates are listed in Table 1. The short-circuit photocurrent density
(Jsc), open-circuit voltage (Vo) and fill factor (FF) of device based on
bare FTO were 16.55mAcm~2, 681.03mV and 0.61, respectively,
corresponding to an energy conversion efficiency of 6.86%. The
device based on FTO/TCF gave an improvement of V,c about 20 mV
and Jsc increased slightly (from 16.55 to 17.02 mAcm~2), finally
resulting in a higher energy conversion efficient 7.41% compared
with the counterpart based on bare FTO substrate. The increase in
Jsc and Vi of DSSC incorporating TiO, compact film can be ascribed
to the reduced charge recombination by suppressing back electrons
transfer from FTO to electrolyte [29]. In the case of employing ZnO
as the compact film, the device gave improvement in Vo by 8.1%
(from 681.03 to 736.14mV) and FF (from 0.61 to 0.65), while Jsc
decreased to some extent, finally resulting in an energy conver-
sion efficiency of 7.76% which was enhanced by 13.1% compared to
the device based on bare FTO and 4.7% compared to the counter-
part based on FTO/TCF substrate. It shows the merits of introducing
ZnO at FTO/TiO,, interface by spin-coating method compared with
the conventional TiO, compact film. The different effects to the

Table 1
Photovoltaic properties of dye-sensitized solar cells based on: the bare FTO, FTO/TCF,
and FTO/ZCF substrates?.

Sample Jsc (MAcm—2) Voc (mV) FF Eff. (%)
FTO 16.55 681.03 0.61 6.86
FTO/TCF 17.02 700.04 0.62 7.41
FTO/ZCF 16.21 736.14 0.65 7.76

aThe parameters were tested under AM 1.5 full sunlight (100 mW cm~2).

photoelectron conversion process by employing ZnO and TiO, as
the compact film and the detailed mechanism of improving the
performance of DSSCs were mainly discussed below.

To investigate the effects of TCF and ZCF of suppressing back
electrons transfer from FTO to electrolytes, the photocurrent
density-voltage characteristics were also measured in the dark. As
can be seen in Fig. 5, the onset of the dark current density was
shifted by a few hundred millivolts for the devices based on FTO/ZCF
and FTO/TCF, and the current of FTO/ZCF and FTO/TCF increased
much slower than that of bare FTO. In addition, the dark current of
device based on FTO/ZCF was much less than that of the counterpart
employing FTO/TCF substrate, because the conduction band edge
of ZnO is more negative than TiO, which lead to stronger block-
ing effect for the back transfer of electrons. The reduction of the
dark current demonstrates that the two compact films successfully
reduced the reaction sites for the charge recombination between
electrons emanating from the FTO substrate and I3~ ions present in
the electrolyte [26], and implies that ZnO is a suitable and superior
material for the compact layer in DSSCs than the conventional TiO5.

Electrochemical impedance spectroscopy (EIS) analysis has
been widely employed to investigate the electron-transport and
recombination in DSSCs. To further characterize the different
kinetics of electrochemical progress occurring in DSSCs based on
FTO/TCF and FTO/ZCF substrates, the electrochemical impedance
spectroscopy of corresponding devices were measured in the illu-
mination with the bias voltage of V.. Fig. 6(a) shows Nyquist
plots of DSSCs based on bare FTO, FTO/TCF, and FTO/ZCF sub-
strates. The impedance components of the interfaces in DSSCs
observed in the frequency regions of 103-10° Hz (w;), 1-103 Hz
(w2), 0.1-1Hz (w3) are associated with the charge transport at the
FTO/TiO, and Pt counter electrode/electrolyte interfaces (Z;), the
TiO,/dye/electrolyte interfaces (Z), and the Nernstian diffusion in
the electrolyte (Z3), respectively [30,31]. Table 2 summarized the
results of EIS analysis fitted by an equivalent circuit containing a
constant phase element (CPE) and resistance (R) (Fig. 6a, inset). The
resistance of the Z; component (Ry) is given by the sum of resis-
tances of counter electrode/electrolyte and FTO/TiO, interfaces
[32]. As shown in Fig. 6(a) and Table 2, it is noted that the value of Ry
does not change almost after introducing TiO, as the compact film,
whereas it increased observably in the case of employing FTO/ZCF
substrate (from 2.29 to 3.46 Q2). Since an identical Pt counter elec-
trode was employed for all the devices, the noticeable difference at
the interface of FTO/TiO, is wholly responsible for the value of R;.
The increment of Ry implies that the existence of ZnO compact film
increases the interfacial resistance between FTO and mesoporous
TiO,, since the conduction band edge of ZnO is more negative than
that of TiO,, which results in the formation of an energy barrier
at the interface of FTO/TiO,. This energy barrier will retard the
electrons injected from the conduction band of TiO; to FTO, so the
short-circuit photocurrent density (Jsc) of DSSCs based on FTO/ZCF
substrate decreased compared to that of bare FTO, which was in
good agreement with the previous photocurrent density-voltage
characteristics. As a consequence, the photogenerated electrons
will accumulate in the conduction band of TiO,, which led to the
increment of electron density in TiO,, and thus the shift upward of
Fermi level for electrons in the TiO, electrode. In general, the open-
circuit voltage (Vo) value of a DSSC is defined as the difference in
energy between Fermi level of the photoelectrode semiconductor

Table 2
Fitting results of EIS analysis.

Sample Ri (2) Ry (2) wmax 0f Z; (Hz)
FTO 2.29 22.34 4.92
FTO/TCF 2.38 21.49 4.54
FTO/ZCF 3.46 17.72 5.18
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Fig. 6. (a) Nyquist plots of DSSCs based on bare FTO, FTO/TCF and FTO/ZCF substrates. The impedance spectra were measured in the illumination with the bias voltage of
Voc. The inset shows the equivalent circuit. (b) Open circuit potential decay for the DSSCs based on bare FTO, FTO/TCF and FTO/ZCF substrates. (c) Dependence of the rate of
open-circuit voltage decay (dV,. dt~') on time based on different substrates: bare FTO, FTO/TCF and FTO/ZCF substrates. (d) Electron lifetime (in log-linear representation)
as a function of open-circuit voltage (Vo) for DSSCs based on different substrates: bare FTO, FTO/TCF and FTO/ZCF substrates.

oxide and the redox potential of the electrolyte [33,34]. Therefore,
the rise of Fermi level resulting from the increase of electron den-
sity in the conduction band of TiO, will improve the V. remarkably,
which has been demonstrated by the photocurrent density-voltage
characteristics. However, this energy barrier does not exist in the
case of employing TiO, as the compact film, which lead to the same
value of Ry compared to the device based on bare FTO substrate. So
there was no blocking effect for electrons injected from the conduc-
tion band of TiO, to FTO. Jsc and V. of the device based on FTO/TCF
substrate increased mainly due to the reduced charge recombina-
tion by suppressing back electrons transfer from FTO to electrolyte.
In addition, R,, the resistance of interfacial charge-transfer from the
conduction band of TiO, to triiodide in the electrolyte, decreases
due to the increase of electron density in TiO;, [35,36]. As shown
in Table 2, R, of DSSCs based on bare FTO, FTO/TCF, and FTO/ZCF
substrates were 22.34 2,21.49 2, and 17.72 €2, respectively, which
also demonstrated the notable increase of electron density in the
conduction band of TiO after introducing ZnO as the compact film.
On the other hand, the electron lifetime in TiO, is inversely propor-
tional to the frequency of maximum Z” at the Z; component (Wmax)
[37].

1

Wmax

T=

(1)

As can be seen in Table 2, wmax of the devices based on bare
FTO, FTO/TCF, and FTO/ZCF substrates were 4.92 Hz, 4.54 Hz, and
5.18 Hz, respectively. Therefore, we can conclude that the electron
lifetime was increased in the presence of TiO, compact film, which

was consistent with the previous reports [21], whereas decreased
after introducing ZnO compact film. The latter result was seldom
reported in the past.

In order to explore the origin of electron lifetime decreasing
in the case of employing ZnO as the compact film, while on the
contrary in the presence of TCF, open-circuit voltage decay (OCVD)
characteristics of devices based on bare FTO, FTO/TCF, and FTO/ZCF
substrates were measured. OCVD is a technique which monitor the
subsequent decay of photovoltage (Vo) after turning off the illu-
mination in a steady state [38]. The decay of photovoltage reflects
the decrease of electron density in the conduction band of TiO,,
which is mainly caused by the charge recombination occurring at
FTO/electrolyte and TiO,/electrolyte interfaces. In other words, the
recombination rate of photoelectron is proportional to the rate of
photovoltage decay. As shown in Fig. 6(b), it is obvious that the
value of photovoltage response of devices based on FTO/TCF and
FTO/ZCF substrates was higher than that of bare FTO in the whole
time region. This demonstrates that the two compact films sup-
pressed the recombination pathway occurring at the interface of
FTO and electrolyte effectively. Then we calculated the rate of open-
circuit voltage decay (dVoc dt—1) obtained from the data shown in
Fig. 6(c), which is inversely proportional to the electron lifetime as
reported by others [38,39].

T_kni(dvoc)”
T e dt
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One should pay close attention to the start point of the curve
shown the dependence of dV,c dt~! on the time in Fig. 6(c), since
the onset for the curve mainly reflects the recombination rate of
photoelectron of the device in illumination corresponding to a high
electron density. In the short time region, we can see that the
absolute value of dVo. dt~! based on FTO/ZCF was higher to bare
FTO substrate, the counterpart based on FTO/TCF was lower, which
implies the recombination rate of devices based on different sub-
strates in the order FTO/ZCF > bare FTO > FTO/TCF in illumination.
The mesoporous TiO, films were prepared by identical fabrica-
tion procedure, so the density of recombination center and bulk
traps inside the TiO, electrode for each sample was the same.
Consequently, the different recombination rates of the samples
were mainly related to the difference at the interface of FTO and
mesoporous TiO,. The increment of electron density which due
to introducing ZnO as the compact film increased the possibility
of recombination of the photoelectron by reaction with I3~ ions
present in the electrolyte, resulting in the highest recombination
rate among the samples, and leading to the decrease of electron
lifetime. However, the existence of TiO, mainly prevented the
physical contact of FTO and electrolyte, which only suppressed the
recombination occurring at the interface of FTO/electrolyte, with-
out any blocking effect for electrons transfer from the conduction
band of TiO, to FTO. Therefore, the device employing FTO/TCF sub-
strateresulted in the lowest recombination rate. From the foregoing
discussion, we can derive the electron lifetime of samples employ-
ing different substrates in illumination in the order FTO/TCF > bare
FTO > FTO/ZCF which was in good agreement with the results of EIS
analysis. In addition, the absolute value of dVo. dt~! of the device
based on FTO/ZCF substrate was inferior to that of bare FTO after
0.5 s, which means that the recombination rate reduced after the
electron density of the sample decayed to a normal level, since the
effect of suppressing recombination occurring at the interface of
FTO/electrolyte was primary in this condition. And the same results
can be obtained from Fig. 6(d), which plotted the electron lifetime
(in log-linear representation) as a function of V. by Eq. (2).

The fill factor is a measurement which reflects the increase in
recombination or decrease in photocurrent with increasing photo-
voltage [40]. If the electron transfer rate from TiO, to the triiodide
increases, the potential of the TiO, will become less negative for
the decrease of the electron density in the conduction band of TiO5,
which results in the low fill factor. Therefore, the device based on
FTO/TCF substrate achieved a higher FF than that based on bare FTO
for the reason of reducing the loss of photoelectron by suppress-
ing the recombination occurring at the interface of FTO/electrolyte.
Based on the above discussion, the recombination rate of pho-
toelectron increased after introducing ZnO as the compact film,
however, we obtained a remarkable increment of the electron den-
sity in the conduction band of TiO,, which leads that the potential
of TiO, becomes more negative, and so the highest fill factor.

4. Conclusions

In summary, we have successfully introduced ZnO as an effective
compact film, which greatly enhanced V, and FF with compensa-
tion of Jsc decrease, finally increasing energy conversion efficiency
of DSSCs. Furthermore, different influences on photoelectron con-
version process and DSSC performance by employing ZCF and
TCF have been investigated. We found that the existence of TCF
mainly prevented the physical contact of FTO and electrolyte, which
only suppressed the recombination occurring at the interface of
FTO/electrolyte, without any blocking effect for electrons trans-
fer from the conduction band of TiO, to FTO. So Jsc and Vi of
the device based on FTO/TCF substrate were higher than those of
the counterpart employing bare FTO. However, the ZCF created an

energy barrier between FTO substrate and mesoporous TiO, film
as having a more negative conduction band edge than TiO,. This
energy barrier not only reduced the electron back transfer from
FTO to I3~ in the electrolyte, but also resulted in the accumulation
of photogenerated electrons, which increased the electron den-
sity in the conduction band of TiO,. Therefore, the device based
on FTO/ZCF substrate achieved a remarkably enhanced Vy, FF, and
energy conversion efficiency, compared to that of device employ-
ing bare FTO and FTO/TCF. These results were confirmed by the EIS
analysis and OCVD technique. Therefore, we investigated the differ-
ent effects of ZCF and TCF to photoelectron conversion process, and
demonstrated a different mechanism of compact film to improve
the photovoltage performance of DSSCs.
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