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a  b  s  t  r  a  c  t

In-doped  TiO2 thin  film  was introduced  at the interface  of  fluorine-doped  tin oxide  (FTO)  substrate  and
mesoporous  TiO2 film  by spin-coating  method,  and its  application  as  a new  compact  layer  material  for
dye-sensitized  solar  cells  (DSSCs)  was investigated.  The  scanning  electron  microscopy  (SEM),  UV-visible
spectroscopy,  current-voltage  characteristics,  Mott-Schottky  analysis,  electrochemical  impedance  spec-
troscopy  (EIS)  analysis  and  open-circuit  voltage  decay  (OCVD)  technique  are  used  to characterize  the
morphology,  optical  transmittance  and  flat-band  potentials  (Vfb) of  In-doped  titania  compact  film  and
its  effect  to  the  photoelectron  conversion  process.  It  was  found  that  In-doping  increased  the  transmit-
tance  of TiO2 compact  layer,  the  interfacial  resistance  between  FTO  substrate  and  porous  TiO2 film  and
the  flat-band  potential  of  TiO2 film.  The  In-doped  TiO2 compact  layer  effectively  suppressed  the  charge
recombination  from  FTO  to the  electrolyte,  increased  the optical  absorption  of  dye  and  then  increased
the  short-circuit  photocurrent  density  (Jsc). Furthermore,  In-doped  TiO2 compact  layer  acted  as  a weak

energy  barrier,  which  increased  the  electron  density  in  the  mesoporous  TiO2 film,  thus  improved  open-
circuit  photovoltage  (Voc). As  a result,  the  overall  energy  conversion  efficiency  of  the  DSSC  with  In-doped
TiO2 compact  layer  was  enhanced  by  11.9%  and 6.9%  compared  to  the  DSSC  without  compact  layer  and
with  pure  TiO2 compact  layer,  respectively.  It indicated  that  In-doped  TiO2 is a promising  compact  layer
material  for  dye-sensitized  solar  cells.
. Introduction

Dye-sensitized solar cell (DSSC) consists of a dye adsorbed
esoporous TiO2 layer on fluorine-doped tin oxide (FTO) glass

s a photo-electrode, a Pt counter electrode and an electrolyte
ormally containing I−/I3− redox couple [1–5]. It has drawn
uch attention during last two decades because it has been

egarded as an environmentally friendly and low-cost solar energy

onversion device [6,7]. There are four important interfaces in
SSC: FTO/porous TiO2, porous TiO2/dye, dye/electrolyte, and
lectrolyte/counter electrode. At these interfaces, photogenerated
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electrons may  recombine with the oxidized species (such as I3−

in the redox electrolyte or dye cations) [8], which caused the
photocurrent loss and seriously decrease the photovoltaic perfor-
mance of DSSC [9,10]. Recently, some researchers have employed
considerable strategies to modify these interfaces to improve the
performance of the device. A well-known method is modifying the
porous TiO2/dye interface through introducing metal oxides such
as Nb2O5 [11,12], ZnO [13,14], MgO  [15,16], Al2O3 [17], CdO [18],
or Carbonates CaCO3 [19,20], BaCO3 [21], etc. to form an energy
barrier between the TiO2 nanoparticles and the dye or electrolyte.
It allows electron injection but hinders the recombination reaction.
In addition, a few efforts have been made to modify the FTO/porous
TiO2 interface to optimize the performance of DSSCs by employing a
compact layer [10,22–24]. However, researches on such important

interface is not intense as compared to modification of the others
[25].

It was  argued that recombination in DSSC occurs predominantly
near the transparent conducting oxide (TCO) substrate supporting
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he titania film, as opposed to homogeneously throughout the film
rom the intensity-modulated infrared transmittance measure-

ents [26]. It was also reported that retarding the recombination
t the TCO/electrolyte interface was very important especially
or solid state DSSCs, quantum dot, and organic dye sensitized
olar cells [23]. Even for new hybrid solar cells based on meso-
uperstructured organometal halide perovskites, a compact layer
as also coated on the FTO glass to reduce charge recombination

or obtaining high photoelectric conversion efficiency (10.9%) [27].
o it is vital to introduce an effective compact layer onto the FTO
lass to block the electron recombination. Usually, a dense TiO2
hin film prepared with an organic sol dip-coating method [10]
r TiCl4 aqueous solution soaking method [28] was  employed as
ompact layer to obstruct the back electron transfer from the FTO
o the electrolyte; Recently, some wide band-gap oxides, such as
nO [25] and Nb2O5 [29], have been used as a blocking layer. They
uppressed charge recombination and dark current effectively, thus
mproved open-circuit photovoltage (Voc) and fill factor (FF), how-
ver, depressed the short-circuit current (Jsc) for its very high
otential barrier. In addition, Nb donor doped TiO2 thin film was
eposited on FTO substrate to form a compact film by pulsed laser
eposition (PLD), which achieved better photovoltage performance
han the DSSC with pure TiO2 compact layer [30]. Nevertheless, the
LD method is not the best choice for industrialization due to the
igh manufacture cost and small deposition area.

As far as we know, up to present, few groups investigated the
cceptor doped TiO2 thin film modifying the FTO/prous TiO2 inter-
ace and its effect on the performance of DSSCs. In this study, In
cceptor doped TiO2 thin film was introduced at the interface of
TO substrate and mesoporous TiO2 film as a compact blocking
ayer by spin-coating method. The influence of In doping on some
hysical characterizations of TiO2 compact layer and photoelectron
onversion process are characterized and discussed.

. Experimental

.1. Chemicals.

Tetrabutyl titanate (TBT), diethanol amine, polyethylene gly-
ol (PEG, MW = 20,000), Triton X-100, absolute ethanol (99.7%),
ndium nitrate (In(NO3)3·4.5H2O), concentrated nitric acid (HNO3,
5%∼68%), glacial acetic acid (CH3COOH, ≥99.5%) and propylene
arbonate (PC) were purchased from Sinopharm Chemical Reagent
o.Ltd (China). Iodine (I2, 99.8%) was purchased from Beijing Yili
hemicals (China). Lithium iodide (LiI, 99%), titanium tetraiso-
ropoxide (TTIP, Ti-(OC3H7), 98%), and 4-tert-butylpyr-idine (TBP)
ere obtained from Acros. The Ru dye, cis-di(thiocyanato)-bis(2,2′-

ipyridyl-4,4′-dicarboxylate) ruthenium(II) (N719), was  purchased
rom Solaronix (Switzer-land). All the reagents used were of ana-
ytical purity. Fluorine-doped SnO2 conductive glass (FTO, sheet
esistance 10 − 15 � sq−1) purchased from Asahi Glass (Japan) was
sed as the substrate for the deposition of a mesoporous nanocrys-
alline TiO2 film.

.2. Preparation of In-doped titania films on FTO substrates and
hotoelectrodes.

Pure and 6 mol  % In-doped titania films on FTO substrates were
repared using the sol–gel method. In(NO3)3·4.5H2O was dissolved

n absolute ethanol, followed by adding diethanol amine under vig-
rous stirring for 5 min. Then TBT was added to the above solution

ith constant stirring for 10 min. The final concentration of TBT was

djusted to 0.26 M through adding the right amount of absolute
thanol. The solutions were mixed and stirred at 60 ◦C for 30 min
o obtain clear solution. The pure and 6 mol  % In-doped titania
ta 129 (2014) 276–282 277

precursor solution was  coated on the FTO substrates at 2600 rpm for
30 sec by the spin-coating method. The as-deposited titania films on
FTO substrates were annealed at 550 ◦C for 30 min  in a muffle fur-
nace to obtain pure TiO2 and 6 mol  % In-doped TiO2 compact layer.
The corresponding samples were labeled as FTO/PTO and FTO/ITO,
respectively.

A nanocrystalline TiO2 paste for fabricating the mesoporous
nanocrystalline TiO2 layer of electrode was prepared according to
the reported procedure. [31] The prepared TiO2 paste was coated
on the bare FTO, FTO/PTO and FTO/ITO substrates by a doctor
blade method. After drying under the infrared lamp, the films were
calcined at 500 ◦C for 30 min  in a muffle furnace to obtain photo-
electrodes.

2.3. DSSC fabrication.

The photoelectrodes washed by the absolute ethanol were
preheated at 110 ◦C for 30 min. Then the photoelectrodes
were immersed in absolute ethanol containing 0.5 mM Ru-dye
(Bu4N)2[Ru-(Hdcbpy)2(NCS)2] (N719 dye, Solaronix) at 60 ◦C for
12 h. The dye-sensitized TiO2 electrodes were rinsed with absolute
ethanol and dried at 70 ◦C for 30 min in an oven. A sandwich-type
DSSC were fabricated by clipping the N719 dye-sensitized TiO2
photoelectrode and a platinized FTO counter electrode and then
introducing electrolyte between the electrodes. The electrolyte
solution was composed of 0.1 M 1-propyl-3-methylimidazolium
iodide (PMII), 0.05 M LiI, 0.1 M guanidinium thiocyanate (GNCS),
0.03 M I2, and 0.5 M 4- tert-butylpridine (TBP) in a mixed solvent
of acetonitrile and propylene carbonate (PC) (volume ratio: 1/1).

2.4. Characterization.

The surface and cross-sectional morphologies of the FTO,
FTO/PTO and FTO/ITO substrates were observed by using a high-
resolution field emission scanning electron microscopy (SEM,
Sirion FEG, USA). The optical transmittance spectra of the FTO,
FTO/PTO and FTO/ITO substrates were measured using a UV-vis
spectrophotometer (Cary 5000, Varian). In order to determine the
flat band potentials of TiO2 and In-doped TiO2 films, Mott-Schottky
plots were obtained in a three-electrode cell containing one of
these films as the working electrode, a platinum plate as the
counter electrode and a saturated Ag/AgCl electrode as the ref-
erence electrode. The entire area of the photoanode, except the
active area (1 cm2), was blocked using an adhesive tape. The elec-
trolyte solution was  composed of 10 mM LiI, 1 mM I2, and 0.1 M
LiClO4 in acetonitrile was used as the electrolyte. The electro-
chemical impedance spectra were recorded by a PC-controlled
CHI660 C electrochemical workstation applying a sinusoidal per-
turbation of 5 mV at a frequency of 100 Hz and a cell voltage
from -1.2 to -0.2 V with a scan rate of 5 mV/step towards the
anodic direction. Photocurrent–voltage characteristics (J–V curves)
were measured employing a solar light simulator (Oriel 91192,
USA) at 100 mWcm−2 (AM 1.5, global) which was calibrated by
a Si-1787 Photodiode and a computer-controlled CHI660 C elec-
trochemical workstation. The irradiated area of each cell was
kept at 0.25 cm2 by using a light-tight metal mask for all sam-
ples. The open-circuit voltage decay (OCVD) was  recorded by
turning off the illumination on DSSC in a steady state and mon-
itoring the subsequent decay of Voc. Electrochemical impedance
spectroscopy (EIS) was carried out under open-circuit potential

condition and 100 mWcm−2 bias illumination. The frequency range
was 0.05∼100000 Hz and the magnitude of modulation signal was
0.01 V. The above measurements were carried out on the CHI660 C
electrochemical workstation combined with Xenon light source.
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linear relationship is predicted between the inverse square of the
capacitance (1/C2) and applied potential, arising from the semicon-
ductor space charge layer in depletion under the biasing conditions
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Fig. 1. SEM surface morphologies of (a) FTO, (b) pure and (c) 6% In-doped TiO

. Results and discussion

.1. Characterization of different substrates.

Fig. 1 shows the SEM surface morphologies of FTO, FTO/PTO and
TO/ITO substrates and the cross-sectional SEM image of FTO/PTO
nd FTO/ITO substrates, respectively. The bare FTO surface shows
he characteristic morphology of F doped tin oxide crystals (Fig. 1 a),
hose grain size is around 80∼150 nm and surface is relative rough.
fter TiO2 films are coated on FTO substrates, the morphologies of
TO disappear. Pure and 6 mol  % In-doped TiO2 films show smooth
nd dense surface morphologies and the In-doped TiO2 film shows
maller grain size (about 30∼50 nm)  than the pure TiO2 film. The
hickness of the pure and 6 mol  % In-doped TiO2 film is very close
nd is about 200 nm (as shown in Fig. 1 d). The thickness of compact
ayer may  play an important role in performance of DSSC, which

ill be further studied in the future.
Since DSSCs are illuminated from the FTO substrate side in

orking conditions, it is necessary for us to investigate the optical
roperties of the substrates after introducing the compact block-

ng layers. Fig. 2 shows the UV-vis transmission spectra of the bare
TO, FTO/PTO and FTO/ITO substrates. It is obvious that the trans-
ittances of the multilayered substrates are both lower than that

f the bare FTO in all wavelength regions. But the transmittances
f FTO/PTO and FTO/ITO substrates are both not lower than 75% at
50 nm,  which is considered to be high enough to be employed in
SSCs [30]. Compared with the FTO/PTO, the transmittance of the
TO/ITO slightly increases at 380∼470 nm,  which may  be related to
ts smaller grain sizes (as shown in Fig. 1. b and c). According to Mie
heory, the particle with small grain size (< 200 nm)  usually shows
ow light scattering ability [32]. So the transmittance of ITO coating
hould increases for its smaller grain sizes. Furthermore, the thin

lm with small grain usually has low surface roughness [33,34]. The
ecrease of surface roughness causes the decrease in reflection and
ptical absorption [35], and thus the transmittance of the film also
ncreases. The higher transmittance of the FTO/ITO may  promote
pact films, (d) cross-sectional SEM image of FTO/PTO and FTO/ITO substrates.

the optical absorption of dye loading on nanocrystalline titanium
dioxide and then improve the short-circuit photocurrent density
(Jsc).

3.2. Determination of flat-band potential.

The flat-band potential (Efb) of the electrode material in a DSSC is
very important because the quasi-Fermi level of the semiconductor
oxide photoelectrode (TiO2) increases linearly with Efb [36,37]. To
confirm the effect of In doping on the flat-band potentials of TiO2
compact layers, the Mott-Schottky plots of the pure TiO2 and In-
doped TiO2 films were performed at a frequency of 100 Hz at room
temperature (as shown in Fig. 3). In the Mott-Schottky analysis, a
300 40 0 50 0 60 0 70 0 80 0

Wavelength / nm

Fig. 2. UV-vis transmittances of bare FTO, FTO/PTO and FTO/ITO substrates.
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introducing pure and In-doped TiO2 compact layer on FTO sub-
strates, the dark current of DSSC decreases. Especially for the DSSC
with 6% In-doped TiO2 compact layer, the dark current decreases
markedly and the onset potential of the dark current shifts to higher
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Fig. 3. Mott-Schottky plots of FTO/PTO and FTO/ITO substrates.

37]. The capacitance of the space charge region can be described
s follows [38,39]:

/C2
SC = 2(E  − Efb − kT/e)

eεε0ND

Where Csc is the space charge capacity, ε is the dielectric con-
tant of the TiO2 films, ε0 is the dielectric constant of vacuum, e
s the electronic charge, ND is the charge carrier density, E is the
pplied potential, k is the Boltzmann constant, T is the absolute
emperature.

Fig. 3 shows Mott-schottky plots of the pure TiO2 and In-doped
iO2 films. Fitting the linear part of the Mott-schottky plots and
xtrapolating the fitting lines to C = 0, the flat band potential Efb can
e determined. The calculated Efb for the pure TiO2 and 6% In-doped
iO2 compact layers is -0.652 and -0.720 V (vs. Ag/AgCl), respec-
ively. Compared with the pure TiO2 compact layer, the Efb of the
% In-doped TiO2 compact layer shifted negatively about 0.068 V,
hich suggests that quasi-Fermi level of the In-doped TiO2 com-
act layer is higher than that of the pure TiO2 compact layer. That

s to say, In-doped TiO2 compact layer creates a potential barrier
etween FTO substrate and porous TiO2 film, which can block the
lectron injection from the conduction band of porous TiO2 to FTO,
urther increase the electron density in porous TiO2 film and then
nhance its quasi-Fermi level. In DSSCs, open-circuit voltage (Voc)
s determined by the difference between the redox potential of the
lectrolyte and the quasi-Fermi level of the semiconductor oxide
hotoelectrode [40]. Therefore, the rise of the quasi-Fermi level of
orous TiO2 caused by In-doped TiO2 compact layer with higher
at-band potential will improve the Voc.

.3. Photovoltaic performance of DSSCs.

Fig. 4 shows the photocurrent density-voltage (J-V) curves of
SSCs based on bare FTO, FTO/PTO and FTO/ITO substrates at AM 1.5

rradiation of 100 mAcm−2. The photoelectric conversion param-

ters of DSSCs based on different substrates are summarized in
able 1. The Jsc, Voc and fill factor (FF) of the DSSC based on bare
TO substrate are 15.348 mAcm−2, 0.705 V and 0.63, respectively,
orresponding to an energy conversion efficiency of 7.01%. After

able 1
hotovoltaic performance data of DSSCs Based on different electrodes.

Sample Jsc (mA·cm−2) Voc (V) FF � (%)

FTO 15.348 0.705 0.63 7.01
FTO/PTO 16.084 0.705 0.653 7.41
FTO/ITO 16.384 0.735 0.661 7.96
Fig. 4. Photocurrent density-voltage (J-V) curves of DSSCs based on bare FTO,
FTO/PTO and FTO/ITO substrates at AM 1.5 irradiation of 100 mW/cm2.

introducing pure and In-doped TiO2 compact layers on FTO sub-
strates, the devices gave some different degrees of improvements
in Jsc, Voc and FF.  Especially in the case of the DSSC based on FTO/ITO
substrate, the Jsc, Voc and FF increases 6.75% (from 15.348 to 16.384
mAcm−2), 4.26% (from 0.705 V to 0.735 V) and 4.9% (from 0.63
to 0.661), respectively. As a result, the device shows the highest
energy conversion efficiency (�) of 7.96%. It is 14% higher than that
of the DSSC based on FTO substrate (� = 7.01%). Compared to the
DSSC with pure TiO2 compact layer, the DSSC with 6% In-doped
TiO2 compact layer gives higher Jsc, Voc and FF,  and then higher
energy conversion efficiency (�). Higher Jsc may  be ascribed to the
In-doped TiO2 compact layer more effectively suppressing back
electron transfer from FTO to electrolyte (as shown in Fig. 5), pro-
longing the electron lifetime (as shown in Fig. 7 and Fig. 9) and
improving the light absorption (as shown in Fig. 2). At the same
time, the formation of effective TiO2 blocking layer on the FTO
reduces the shunt current, which improves the fill factor [41].

The dark current is not a good simulation of the recombination
current under illumination. However, it can be used as an esti-
mate of the extent of reduction of I3− with electrons. To investigate
the effect of different compact layers on suppressing back electron
transfer from FTO to electrolyte, the dark currents for the DSSCs
are also measured and are shown in Fig. 5. It can be seen that, after
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Fig. 5. J-V curves of DSSCs based on bare FTO, FTO/PTO and FTO/ITO substrates
measured in the dark.
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ig. 6. Nyquist plots of the DSSCs employing the bare FTO, FTO/PTO and FTO/ITO
ubstrates.

oltage (from 0.42 V to 0.45 V). It demonstrates that the In-doped
iO2 compact layer successfully suppresses the charge recombi-
ation between electrons emanating from the FTO substrate and

3
− ions presented in the electrolyte and In-doped TiO2 is a good

ompact layer material in DSSCs.

.4. Electrochemical impedance spectra analyses.

Electrochemical impedance spectroscopy (EIS) analysis has
een regarded as a useful tool for investigating the electron trans-
ort and recombination in DSSCs. To better understand dynamics
f electron transport and reveal the difference in the interfa-
ial characteristics of the DSSCs based on different substrates,
he electrochemical impedance spectroscopy of DSSCs under one-
un illumination was measured ranging from 0.1 Hz to 100 kHz
t the Voc. Fig. 6 shows the Nyquist plots of the DSSCs based on
ifferent substrates. In all the EIS spectra, two semicircles were
bserved in the high-frequency region (>1 kHz) and in the fre-
uency region of 100∼1 Hz,  respectively. According to the EIS
odel reported in the literature [42–44], the smaller semicircle in

he high-frequency region represents the charge transport at the
TO/TiO2 and Pt/electrolyte interfaces, and the larger one denotes
he charge transfer at the TiO2/dye/electrolyte interface. Table 2
ummarizes the results of the EIS analysis fitted by using an equiva-
ent circuit containing constant phase element (CPE) and resistance
R) shown in the inset of Fig. 6.

The value of R1 is the sum of resistances of counter elec-
rode/electrolyte and FTO/TiO2 interfaces [45]. Since an identical Pt
ounter electrode was employed for all the devices, the change of R1
s ascribed to the noticeable difference at the interfaces of FTO/TiO2.
t can be seen from the Table 2 that the value of R1 for three devices
ased on FTO, FTO/PTO and FTO/ITO substrates increases gradually,
hich implies that the pure and the In-doped TiO2 compact lay-
rs increase the interfacial resistance between FTO substrate and
orous TiO2 film and the In-doping can efficiently increase the value
f R1. Furthermore, the change trend of R1 for these three devices

able 2
IS parameters of DSSCs determined by fitting the experimental data according to
he  equivalent circuit model (as shown in Fig.7).

Sample R1 (�) R2 (�) f max (Hz)

FTO 1.511 17.26 9.766
FTO/PTO 1.854 16.82 8.071
FTO/PTO 2.187 15.56 6.643
is consistent with the variation tendency of dark current (as shown
in Fig. 5) and electron lifetime (as shown in Fig. 7 and Fig. 9) for
these three devices. It discloses the capability of different compact
layers constraining the electrons on FTO electrode coming back and
decreasing the charge recombination.

In addition, R2, the charge-transfer resistance at the
TiO2/dye/electrolyte interface, decreases for devices with high
interfacial resistance R1, which may be related to the high electron
density in the conductive band of porous TiO2 film [46,47]. For
the In-doped TiO2 compact layer with high interfacial resistance
R1 and flat-band potential (Efb), it creates an energy barrier at the
interface of FTO/TiO2 and blocks the electrons injecting from the
conduction band of porous TiO2 to FTO. As a consequence, the
photogenerated electrons will accumulate in the conduction band
of porous TiO2, which leads to the increase of electron density in
the conductive band of porous TiO2.

As shown in Fig. 7, the bode phase plots of EIS spectra display the
frequency peaks of the charge transfer process at different inter-
faces for three kinds of solar anodes. The electron lifetime (�e)
in DSSCs is inversely proportional to the characteristic frequency
(fmax) of the maximum phase shift in the mid-frequency peak [48].
As can be seen in Table 2, the characteristic frequencies (fmax) at
the mid-frequency peaks are 9.766, 8.071 and 6.643 Hz for FTO,
FTO/PTO and FTO/ITO devices, respectively. An increased trend of �e

in a sequence of FTO < FTO/PTO < FTO/ITO cells is concluded, which
indicates that In-doped TiO2 compact layer efficiently improves the
electron lifetime of DSSCs.

3.5. Open-circuit voltage decay (OCVD) measurement.

The open-circuit voltage decay (OCVD) technology has been
widely used to investigate the interfacial recombination process
between the injected electrons in TiO2 and the electrolyte under
open-circuit and dark state in a photochemical cell [49,50]. whereas
the recombination process between the injected electrons and the
oxidized dye molecules cannot be measured by the OCVD [51]. In
order to understand the effect of various substrates on the elec-
tron lifetime and explore the origin of the increase in electron
lifetime of DSSC with In-doped TiO2 compact layer, OCVD char-
acteristics of these three devices were measured. Fig. 8 illustrates
representative voltage decay curves of three devices. And the elec-

tron lifetimes (recombination response time, �n

′) for these devices
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nder open-circuit condition are calculated from the decay curve
f the photovoltage by the following equation:

′
n = kBT

e

(
dVOC

dt

)−1

here kBT is the thermal energy and e is the positive elementary
harge. The electron lifetime as a function of Voc (V) was  plotted in
ig. 9.

It can be seen from Fig. 9 that the electron lifetime for devices
ased on FTO, FTO/PTO and FTO/ITO substrates increases stepwise

n the high Voc region (> 0.6 V), which is consistent with the results
f EIS analyses and is also in a good agreement with the vari-
tion tendency of resistance R1 for corresponding these devices.
he electron lifetime in the high photovoltage region can closely
eflect the status of the charge recombination between electrons
n photoanodes and oxidized electrolyte (I3−) under illumination.
he electrons involved in the charge recombination derive from the
ollowing two parts: (1) the dye-loaded porous TiO2 film and (2)
he FTO electrode. Because there are bulk traps and surface states
n the porous TiO2 film. The injected electrons in the porous TiO2
lm are firstly trapped by these defect states and then relaxed [51],
hich delays the recombination speed of electrons in the porous

iO2 film with the oxidized electrolyte and then prolongs the elec-

ron lifetime. However, electrons in FTO electrode which is in direct
ontact with the electrolyte will immediately recombine with the
xidized species in the electrolyte. So the recombination speed of
lectrons in the latter with the oxidized electrolyte is faster than
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that in the former, and then the electron lifetime in the latter is also
shorter than that in the former. Therefore, for two parts of elec-
trons involved in the charge recombination, if the recombination
reaction of the electrons on FTO with the oxidized species domi-
nates, the electron lifetime of the device should be short; And if
the charge recombination reaction of the electrons in FTO with the
oxidized species is restrained, the electron lifetime of the device
should become longer. Since the porous TiO2 films were prepared
with the identical fabrication procedures, the defect states inside
the porous TiO2 film for each sample should be uniform. Under the
premise of the same electron density in porous TiO2 films, charge
recombination processes of the electrons inside the porous TiO2
film with the oxidized species also should be the same. For the two
DSSCs with compact layers, the TiO2 compact layer prevents elec-
trons in FTO electrode from contacting with the oxidized species
efficiently, and restrains efficiently the recombination reaction of
the electrons in FTO with the oxidized species. Therefore, electron
lifetime of these two DSSCs is larger than that of DSSC base on the
bare FTO substrate. Furthermore, the electron lifetime for DSSCs
based on FTO/PTO and FTO/ITO substrates should increase stepwise
for corresponding higher R1 interface resistance.

In fact, the electron density in porous TiO2 film on FTO/ITO sub-
strate would increase to some extent for In-doped TiO2 compact
layer with higher potential barrier blocking the electrons injec-
tion from the conductive band of porous TiO2 to FTO. According
to the viewpoint of Y.M. Liu [25], higher electron density would
further increase the charge recombination between electrons in
porous TiO2 film and oxidized electrolyte (I3−) and then decrease
the electron lifetime. However, in this work, the electron lifetime of
DSSCs with In-doped TiO2 compact layers is not lower than that of
DSSC base on the bare FTO substrate. It might be because the effect
of In-doped TiO2 compact layer increasing the lifetime of electrons
on FTO substrate is stronger than that of decreasing the lifetime of
electrons in porous TiO2 film. So the electron lifetime and current
density of DSSC with In-doped TiO2 compact layer both increased,
unlike the DSSC with ZnO compact layer whose electron lifetime
and current density both decreased for the high potential barrier of
ZnO compact layer [25]. It indicates that the In-doped TiO2 film is
a kind of more excellent compact layer for DSSCs.

4. Conclusions

In summary, pure and In-doped TiO2 thin films were fabri-
cated on FTO substrates as compact blocking layers by spin-coating
method. The influence of In-doping on the surface morphology,
UV-vis transmittances, flat-band potential of TiO2 compact layer
was characterized. Furthermore, we discussed its effect on the
photoelectron conversion process by current-voltage characteris-
tics, electrochemical impedance spectroscopy (EIS) analysis and
open-circuit voltage decay (OCVD) technique. It was  found that In-
doping increased the transmittance and the flat-band potential of
the TiO2 film, effectively suppressed the back electron transfer, thus
improved open-circuit photovoltage (Voc) and short-circuit pho-
tocurrent density (Jsc) due to its effect of blocking layer and weak
energy barrier. Finally, the DSSC with 6% In-doped TiO2 compact
layer achieved the highest energy conversion efficiency (7.96%),
which was 11.9% higher than that of DSSC without compact layer
and 6.9% higher than that of DSSC with pure TiO2 compact layer. It
indicated that In-doped TiO2 is a promising compact layer material
for dye-sensitized solar cells.
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