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A thin anatase titanium dioxide compact film was deposited by electron beam evaporation as buffer layer
between the conductive transparent electrode and the porous TiO2-based photoelectrode in dye-sensitized
solar cells. The effect of such a buffer layer on the back transfer reaction of electrons to tri-iodide ions in liquid
electrolyte-based cells has been studied by means of both electrochemical impedance spectroscopy and open
circuit photovoltage decay analysis. The influence of the thickness has been also investigated and an increment
in overall quantum conversion efficiency η as high as +31%with respect to the standard cell – fabricated onto
an uncoated conductive glass – has been revealed in the case of a 120 nm thick buffer layer.
+39 0832 298237.
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1. Introduction

Solar cells based on dye-sensitization of mesoporous TiO2 electro-
des (DSSCs) are regarded as a low-cost and high efficiency alternative
to conventional photovoltaic devices [1–12]. DSSCs consist of a
monolayer of a photosensitizing dye adsorbed on a mesoporous film
of nanocrystalline oxide semiconductors, typically anatase titanium
dioxide. Dye molecules are chemisorbed through functional anchor-
ing groups on the surface of the semiconductor, while the pores of the
film are generally filled with a iodide/tri-iodide electrolyte. When an
incident photon excites the dye, this injects an electron into the
conduction band of the semiconductor. Positively charged dyes are
then reduced by the iodide species I− and the electrical circuit is
completed by the reduction of I3− at the platinum counter electrode.

Although intensive research efforts have been so far focused on
DSSCs, there are still several factors limiting the efficiency of such
devices; among them the recombination of photogenerated carriers is
one of the most important. Recombination in DSSCs is primarily an
interfacial process, in contrast to the bulk process that occurs in
conventional p–n junction solar cells. In principle, therefore, interfa-
cial engineering, rather than improved materials quality, may be used
to decrease the recombination rate in dye-sensitized nanoporous
films. There are basically two routes for electron transfer to redox ions
in the electrolyte: via the nanocrystalline TiO2 and via the F:SnO2
substrate (FTO). Electron transfer via both the routes needs to be
minimized in order to prevent the loss of photoinjected electrons by
back reaction [13]. The energy-wasting pathway considered in this
work is the recombination of the electrons in the FTO substrate, eFTO,
with the oxidized redox species of the electrolyte

eFTO + Rþ→R:

This reaction occurs because the nanocrystalline TiO2 does not
completely cover the SnO2 substrate; there are numerous spaces
between the colloidal particles where the substrate comes into direct
contact with the redox solution [14,15]. Its results are favored by the
high concentration of electrons in the degenerately doped SnO2

relative to the TiO2.
Recently, many researchers have paid attention to the interface of

FTO/TiO2 [16,17]. It is reported that electrons must be extracted
efficiently from the nanocrystalline TiO2 layer, but transfer of
electrons to the electrolyte phase should be inhibited [18]. An
addition of 4-tert-butylpyridine into electrolyte solution is a well
known method to prevent the carrier leakage of direct electron
acceptance from the nanocrystalline TiO2 film with avoidance of hole
mediation to optically excited dye [19]. The TiO2 thin layer coated
directly on to the FTO glass substrate, applied by spray pyrolysis
technique [20], has been found to prevent the back transfer of
electrons to the electrolyte from the FTO substrate. The use of a
phenol/2-allyphenol copolymer applied by electrodeposition [21] and
sol–gel derived thin TiO2 film [22] as a blocking (passivating) layer
has also been investigated. Some researchers tried to prepare thin
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Fig. 1. a) SEM image showing the border of a 200 nm thick TiO2 buffer layer deposited
by e-beam evaporation on Si substrate and annealed at 520 °C; b) X-ray diffraction
pattern of the same film (black curve). Red bars indicate the expected position of
anatase phase diffraction peaks.
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TiO2 blocking layer by dry processes such as sputtering method
[23,24] and chemical vapor deposition method [25], which are
suitable for forming uniform and fine membrane over large areas
with material properties more stable than the wet process. Xia et al.
recently used a thin Nb2O5 film deposited by two different techniques
[26,27] as a blocking layer between FTO and TiO2 nanocrystalline:
they demonstrated an improvement in VOC of about 70 mV and an
overall energy conversion efficiency which was 20% higher than that
of the unblocked device.

In this study, we investigated the recombination blocking effect
due to the introduction of a thin TiO2 anatase buffer layer (BL)
deposited by electron beam evaporation (EBE) at the interface
between conductive glass andmesoporous photoelectrode. Compared
to other deposition techniques, the EBE system has some advantages,
such as high deposition efficiency, deposition free from the plasma
damage caused by γ electrons, O− ions and high atomic mobility at
the surface of the substrate [28–30].

The improvement of the DSSC performances has been evaluated
for different buffer layer thicknesses and a critical analysis of the
charge-transfer phenomena laying on the basis of such an improve-
ment has been carried out by means of either electrochemical
impedance spectroscopy (EIS) and open circuit photovoltage decay
(OCVD) measurements.

2. Experimental details

2.1. Deposition of TiO2 buffer layers bymeans of electron beam evaporation

20×20 mm2 FTO-coated glass samples (Solaronix, 10 Ω/sq) were
inserted in an high electron beam evaporation chamber, 60 cm far
from a water-cooled crucible containing TiO2 tablets bought from
Umicore. After vacuuming the chamber at 10−6 mbar, an overflow of
oxygen (10 sccm)was introduced to preserve the stoichiometry of the
deposited layers. The chamber was also heated through two tungsten
lamps, whose power was controlled through a feedback circuit in
order to maintain the evaporation temperature fixed. The TiO2 target
was heated through a Temescal Supersource electron gun. Both
evaporation rate and chamber temperature were optimized in order
to obtain low surface roughness and a high crystalline quality after the
sintering cycle (up to 520 °C) in an oven. Several thicknesses ranging
from 20 nm to 200 nm were also tested aiming to optimize the final
performances of the solar cells.

2.2. DSSC fabrication

Having cleaned the FTO-coated glass samples with a detergent
solution using an ultrasonic bath for 15 min and washed them with
water and ethanol, a commercial P25(Degussa)-based TiO2 paste was
prepared according the reported literature [19] and then deposited
onto the conducting glasses by screen-printing (screen characteristic:
polyester, mesh count, 200mesh/cm;mesh opening 60 μm) and dried
at 130 °C for 6 min; this procedure was repeated several times in
order to obtain the wanted film thickness. The film thickness and the
dimensions of the active area were measured using the profilometer.
The electrodes coated with the TiO2 pastes were gradually heated
under air flow at 325 °C for 5 min, at 375 °C for 5 min, at 450 °C for
15 min, and at 500 °C for 15 min. In Fig. 1 we report the SEM
micrographs of a such treated film.

After cooling to 80 °C, the TiO2 electrodes were immersed into a
solution of 0.5 mM (bis(tetrabutylammonium)-cis-di(thiocyanato)-N,
N′-bis(4-carboxylato-4′-carboxylic acid-2, 2-bipyridine) ruthenium(II)
(N719) in amixture of acetonitrile and tert-butyl alcohol (v/v, 1:1), and
kept at room temperature for 14 h.

The solar cells were assembled by placing a platinum-coated
conducting glass (counter-electrode) on the N719 dye-sensitized
photoelectrode (working electrode). The two electrodes were
assembled into a sandwich type cell and sealed with a Surlyn hot-
melt gasket 30 μm thick. The redox electrolyte was introduced into
the space of inter-electrodes through the hole pre-drilled on the back
of the counter-electrode. The holes were sealed up using Surlyn hot-
melt film and a cover glass. The redox electrolyte used was 0.1 M LiI,
0.05 M I2, 0.6 M 1-methyl-3-propylimidazolium iodide, and 0.5 M
tert-butylpyridine in dried acetonitrile.

2.3. Characterization

The thickness of the transparent films was measured with Tencor
Alpha-Step 500 Surface Profiler. A Varian Cary 5000 UV–Vis Spectro-
photometer was used to measure the UV–Vis absorption spectra of the
as prepared films and the desorption solutions.

SEM characterization of TiO2 photoelectrode morphology was
performed with a RAITH 150 EBL instrument.

X-ray diffraction (XRD) patterns were collected through an X'PERT
PRO Diffractometer (Panalytical), using Cu-Kα radiation supplied
with 45 kV and 40 mA.

Photocurrent–voltage I–V measurements were performed using a
Keithley unit (Model 2400 Source Meter). A Newport AM 1.5 Solar
Simulator (Model 91160A equipped with a 300 W Xenon Arc Lamp)
served as a light source, and its light intensity (or radiant power) was
calibrated to 100 mW/cm2 using a reference a Si solar cell. The light
source for the incident photon-to-current conversion efficiency (IPCE)
measurements was the Solar Simulator equipped with a Spectral
Products monochromator (Model CM110 1/8 m). The intensity was



Fig. 2. J–V curve of DSSCs made on TCO coated with BL having different thicknesses.

Table 1
Fitted parameters from the Wang et al. [33] equivalent circuit.

CELL RCO+CE [Ω] CCO+CE [μF] aCO+CE RCT [Ω] CCT [μF] aCT

Reference 23 64 0.72 197 107 1
BL-20 nm 5.6 238 0.69 118.2 217 0.98
BL-50 nm 4.4 494 0.58 99.3 262 0.98
BL-120 nm 6.1 1634 0.46 73.2 359 0.99
BL-200 nm 3.3 1589 0.49 91.7 304 0.98
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measured with Newport Radiant Power Meter (Model 70260
combined with the 70268 Probe) and a UDT Instrument Model 221
calibrated photodiode. Three parallel samples for each kind of layer
structure were made for current–density vs photovoltage (J–V) and
IPCE measurement, and the reproducibility of TiO2 photoelectrodes
was quite good.

Electrochemical impedance spectroscopy (EIS) spectra have been
measured by using an AUTOLAB PGSTAT 100 potentiostat operating in
two-electrodemode. Measurements have been carried out under dark
condition at open circuit potential: frequency range 300 kHz–30mHz;
AC voltage 10 mV. The frequency-dependent impedance was fitted by
using the EC-LAB software (from Bio-LOGIC SAS) with the aim to
obtain the space charge capacitance of the uncoated and TiO2-coated
FTO electrodes. The dependence of the photovoltage on intensity was
determined by illuminating the cells with a green light emitting diode
(λ=532 nm).

3. Results and discussion

3.1. Morphology and crystallinity of the electron beam evaporated TiO2

buffer layers

Electron beam evaporated TiO2 layers were contemporaneously
deposited on glass substrates and on miscut-Si for XRD characteriza-
tion. Several deposition rates and evaporation temperatures were
tested, in order to optimize both the surface roughness and the crystal
structure. It has been observed that deposition rates higher than 2 A/s
led to a significant increase of roughness in films thicker than 100 nm.
Therefore, the evaporation rate was cautiously fixed at 1.5 A/s.
Similarly, chamber temperatures ranging from 200 °C to 260 °C
were tested. Although the crystal structure of as-deposited layers
revealed to be amorphous with XRD analysis, after an annealing step
at 520 °C typical sharp peaks of TiO2 anatase phase could be identified
in the diffraction spectrum of films deposited at temperatures higher
than 230 °C. Fig. 1 shows a typical diffraction pattern (black line)
collected from a 100 nm thick TiO2 layer deposited at 260 °C and
annealed at 520 °C. The direct comparison with the expected
diffraction pattern of TiO2 anatase (red bars) clearly indicate the
presence of a single phase in the realized patterns. The same
deposition (260 °C, 1.5 A/s) and annealing conditions were therefore
exploited for the deposition of several films on FTO-coated substrates
with thicknesses ranging from 20 nm to 200 nm.

3.2. Effect of the TiO2 buffer layer on the performances of a DSSC

The correlation between the presence of the TiO2 BL and the DSSC
performances has been investigated with the aim to find the optimum
thickness in order to minimize the recombination effects as well as to
improve the injection of the photogenerated electrons in the TCO
layer. The J–V curves for the four DSSCs with electron beam
evaporated TiO2 buffer layers having 20 nm, 50 nm, 120 nm and
200 nm thicknesses are shown in Fig. 2 in comparison to a cell
fabricated on an uncoated TCO substrate (reference), while a resume
of their photovoltaic characteristics is reported in Table 1. Both the
short-circuit photocurrent density JSC and the open circuit voltage VOC,
showed a growing trend. JSC rose from 11.24 mA/cm2 – corresponding
to the uncoated TCO – up to a 14.33 mA/cm2 value achieved with a
120 nm thick BL; a further increment of the thickness didn't turned
into an increment of photocurrent density. VOC showed instead a
conspicuous enhancement – up to a value of 0.76 V – also in the case
of the 200 nm thick buffer layer. As a result, the highest increment in
overall quantum conversion efficiency η, consisting in a+31% respect
to the standard uncoated TCO-based cell, has been revealed with a
120 nm thick BL. This result is well consistent with the hypothesis
that, under open circuit illumination conditions, the Fermi level of the
FTO substrate typically rises by up to 0.7 eV, so that to produce amuch
larger driving force for electron transfer from the FTO to I3− [13]. Under
these conditions, the back reaction of electrons with I3− via the FTO
strongly affect the performances of the cell and it cannot be neglected.

3.3. EIS analysis

Electrochemical impedance spectroscopy (EIS) is themost effective
technique to investigate the charge transport phenomena in a DSSC
[36].

Fig. 4 shows the EIS spectra measured in dark condition at a
potential corresponding to the value of open circuit state under 1 sun
illumination and plotted in a Nyquist diagram for a frequency range
comprised between 30 mHz and 100 kHz. The main contribution to
the first (high frequency) arc arises from the parallel connection of the
coupling between the Helmholtz capacities of both electrodes and the
charge-transfer resistance at the TCO/photoelectrode interface
[31,32], whereas the charge-transfer resistance of the platinized TCO
counter-electrode is considered to be relatively small as it presents
little changes with potential in comparison to bare TCO [35]. The
second (intermediate frequency) arc corresponds to electron transfer
resistance from the dye-sensitized nanocrystalline TiO2 film to the
electrolyte as well as to the back reaction of electrons with I3− via the
FTO. The third (low frequency) arc – corresponding to the diffusion of
I3− (holes) in the electrolyte – has not been evidently detected here.
The general equivalent circuit of a DSSC presented by Fabregat-
Santiago et al. [35], is illustrated in Fig. 3.

In Fig. 4a a significant reduction of the higher-frequencies arc size in
the cells with BL can be observed, this attesting an overall reduction of
the charge injection barrier in correspondence of the blue-highlighted
interface in the schematic representation reported in Fig. 3.

For fitting the experimental data, the equivalent circuit proposed
by Wang et al. [33] for the case of cells exhibiting a good carrier
collection efficiency was used. Constant phase elements have been
used instead of pure capacitors as they better describe the uneven and

image of Fig.�2


Fig. 3. General equivalent circuit model of a DSSC. The rCT is the charge-transfer resistance of the charge recombination process between photogenerated electrons and I3− in
electrolyte; cμ is the chemical capacitance of TiO2 film; ZD is theWarburg element showing the Nernst diffusion of I3− in electrolyte; RCE and CCE are the charge-transfer resistance and
double-layer capacitance at the counter-electrode (platinized TCO glass); RSU and CSU are the charge-transfer resistance and the corresponding double-layer capacitance at exposed
TCO/electrolyte interface; RCO and CCO are the resistance and the capacitance at TCO/TiO2 contact; Rs is the series resistance, including the sheet resistance of TCO glass and contact
resistance of the cell.
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porous electrodes. In Table 1 we reported the extrapolated values of
the most characteristic elements of the transmission line:

– series charge-transfer resistance RCO+RCE

– series double-layer capacitance CCO+CE and its correspondent
capacitor ideality's coefficient aCO+CE

– transfer resistance of the charge recombination processes both at
titania/dye/electrolyte and FTO/electrolyte interfaces RCT (=rCT/L,
where L is the thickness of the nanoporous TiO2 film)
Fig. 4. Impedance spectra of DSSCs made on TCO coated with BL having different
thicknesses.Measurements carried out indarkcondition at a potential corresponding to the
value of open circuit state under 1 sun illumination; frequency range of 100 kHz–30 mHz;
AC voltage 10 mV.
– chemical capacitance of the charge recombination processes both
at titania/dye/electrolyte and FTO/electrolyte interfaces CCT (=cμL,
where L is the thickness of the nanoporous TiO2 film) and its
capacitor ideality's coefficient aCT.

Passing from the uncoated to the BL-coated photoelectrode, the
charge-transfer resistance RCO+CE – calculated as the sum of the
component associated to the photoelectrode/TCO interface and the
one associated to the electrolyte/platinum interface respectively –

resulted to be reduced by about a factor 5 as a consequence of an
improvement of the electrical contact mostly arising from the better
adherence of the evaporated compact layers. As a secondary effect, the
coated electrodes exhibit also a remarkably more intense capacitive
behavior. The increase of the capacitance at TCO/photoelectrode
interface CCO is related to the presence of the buffer layer that reduces
the back recombination from the FTO electrons and promotes a larger
charge accumulation at the interface and hence an increment in VOC

[36]. The VOC of a DSSC corresponds to the difference between the
quasi-Fermi level of the TiO2 porous film under illumination and the
redox potential of the electrolyte. The accumulation of photogener-
ated electrons results in a higher quasi-Fermi level, this being in
perfect accordance with the growth of the CCO+CE for cells based on
ticker BLs.

Concerning the second semicircle, a strong reduction of transfer
resistance of the charge recombinationprocesses– that in the caseof the
abovementioned experimental conditions is exclusively related to the
reduction of the resistance RSU at the TCO/electrolyte interface (the
pink-highlight in the schematic representation reported in Fig. 3) –was
alsoobserved:RCT fell down from197Ω for a cellmadeon theuncoated-
FTO to 73.2Ω for a cell with a 120 nm thick EB-evaporated blocking
layer. In fact, at applied potentialsmore negative than about−0.4 V, the
buffer layer becomes sufficiently conductive so that electron transfer
from the FTO-coated substrate to I3− becomes easier [36]. Under this
condition, electron transfer from the FTO substrate to I3− becomes easy,
leading to a fast decrease of RCT [36].

Even in this case the coated samples show an increase of the
chemical capacitance related to a larger charge accumulation at the
FTO/electrolyte interface.

3.4. OCVD analysis

OCVD analysis has been conducted by monitoring the subsequent
decay of open circuit voltage after stopping the illumination on DSSC
under open circuit conditions [34]. By means of this technique, the
gradual loss of photogenerated electrons due to recombination can be
monitored by measuring the transient decay of the cell voltage after
switching off the light. The decay of the photovoltage reflects the
decrease of the electron concentration at the FTO surface, which is
mainly caused by charge recombination. This means that the
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Fig. 5. OCVD curves for DSSCs with 0 (reference), 20, 50, and 120 nm thick buffer layers.
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recombination velocity of photoelectron is proportional to the
response of the OCVD. Fig. 5 shows the OCVD curve for DSSC having
respectively 0 (reference), 20, 50 and 120 nm thick buffer layers.

The BLs strongly influence the slow decay component of the
photovoltage decay, whereas the initial rapid decay of the photo-
voltage is much less sensitive to their presence. This indicates that the
transfer of electrons responsible for the lowering of the quasi-Fermi
level in a cell without a blocking layer occurs at least partly via the
exposed FTO substrate and that the decay of the photovoltage reflects
the decrease in the concentration of electrons in the conduction band
of the nanocrystalline TiO2 particles immediately adjacent to the
substrate contact [13].

As a consequence of such a slower decay, a sensible increase in
electron life-time can be demonstrated for the BL-based cells, since
the reduction of the charge recombination resistance RCT is compen-
sated by a sensitively higher capacitance CTCO.

4. Conclusions

Thin anatase TiO2 buffer layers were deposited by electron beam
evaporation between TCO and porous TiO2-based photoelectrode in
DSSCs and their electrochemical characteristics were examined either
by EIS or OCVD analysis. The improvement of the photovoltaic
performances has been evaluated for different buffer layer thick-
nesses. VOC showed a conspicuous enhancement passing from 0.68 V
for an uncoated TCO-based cell to 0.76 V for a substrate coated with a
200 nm thick BL, whereas the highest relative increment in overall
quantum conversion efficiency η, consisting in +31%, was revealed
with a 120 nm thick BL.
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