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Abstract

The preparation steps of solid state dye-sensitized nanocrystalline TiO2 solar cells are optimized with respect to the blocking TiO2 layer
which is one of the essential layers in such a multi-layer solar cell. By varying the number of spraying cycles in the preparation of the
blocking TiO2 films, a series of samples with increasing blocking layer thicknesses was prepared. Influence of the layer thickness on the
surface morphology was examined using scanning electron microscope (SEM). The thickness and refractive index of the blocking layers
were also investigated with ellipsometry measurements. A linear increase in TiO2 layer thickness with the number of spraying cycles was
observed for repetitive spraying cycles between 6 and 30. To characterize the rectifying behavior of the blocking layer, cells with the structure,
FTO/blocking TiO2/hole conductor/Au, were prepared and their current (I)–voltage (V) properties investigated. Solid state solar cells were
also prepared with different blocking layer thicknesses and their photovoltaic properties were investigated in order to study the influence of
the blocking layer thickness on solar cell performance. From the results, an optimum number of ten spraying cycles (corresponding to a film
thickness of 150 nm) for the preparation of blocking TiO2 is suggested to obtain the best rectifying behavior and best photovoltaic properties
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of the corresponding solar cells. The automated procedure of preparing the blocking layer guarantees reproducibility in obtaining constant
thickness and quality of this crucial layer as seen in the current–voltage characteristics of the solar cells.
© 2004 Elsevier B.V. All rights reserved.

Keywords:TiO2 blocking layer; Spray pyrolysis deposition; Solid state dye-sensitized nanocrystalline TiO2 solar cell

1. Introduction

Dye-sensitized titanium dioxide solar cells employing liq-
uid electrolyte for charge transport as developed by Grätzel
and co-workers are still some of the most efficient solar cells
outside the realm of inorganic semiconductor cells[1–4].
However, the liquid electrolyte present in such cells creates
both short-term and long-term sealing problems and this has
activated the search for alternative hole transporting systems
such as gelated molten salt electrolytes, polymer electrolytes
etc, but still using the inorganic I3

−/I− as hole transport
medium [5–8]. Major advances were made in this direc-
tion. The use of conjugated p-type polymers instead of the
electrolyte as charge transport medium was also reported in
the literature[9,10]. We have shown that the efficient class
of hole transport compounds with a triarylamine structural
unit which is well-known for its high hole transport mobil-
ity could be used instead of the liquid electrolyte to obtain
a solid state dye-sensitized cell[11,12]. This type of solid
state cell was later further optimized in the Grätzel group
by using a low molecular weight spiro-compound as hole
conductor and using additional additives such as lithium salt
and dopants to increase the conductivity of such a cell to
obtain higher power conversion efficiencies[13,14]. One of
the major differences between the electrolyte cell and p-type
semiconductor cell lies in the nature of charge transport:
ionic transport controlled by diffusion prevails in the for-
mer whereas electronic transport influenced by conductivity
and charge transport mobility plays the deciding role in the
latter.

Moreover, an important difference exists at the interface
between the hole transport medium and the transparent
working electrode FTO (F-doped SnO2). In the electrolyte
cell, the iodine/iodide has a strong over-potential at this in-
terface, so that a barrier exists to prevent the photo-generated
charges from recombination at the boundary. On the other
hand, spiro-OMeTAD and FTO form an ohmic contact,
which means that the charge carriers will recombine at this
interface, resulting in an intrinsically inefficient solar cell.
One way to solve this problem, which has proven to be
difficult [15] is to replace FTO with a material which forms
a blocking contact to the hole transport medium. Another
approach, as put forward by Grätzel and co-workers, is to
put in an additional compact layer of TiO2 between FTO
and nc-TiO2 layer. Thus, use of an additional blocking TiO2
layer is essential for the p-type semiconductor cell to avoid
short circuiting and loss of current through recombination
at the FTO electrode. The fact that the introduction of such

a TiO2 layer between the nanocrystalline TiO2 layer and
the FTO electrode enhances the current output by three to
four orders of magnitude clearly points out the importance
of this layer.

A compact TiO2 layer can be prepared by different meth-
ods such as electron beam evaporation[16,17], chemical
vapor deposition from precursors such as Ti3O5 under oxy-
gen partial pressure[18,19]or from other precursors such as
tetra isopropyl orthotitanate[20] or by the aerosol pyroly-
sis deposition[21–23]. Recently, we have demonstrated that
chemical vapor deposited TiO2 layers can be integrated into
a fully vapor deposited organic thin layer solar cell in order
to improve the charge separation and power conversion effi-
ciency[19]. Kavan and Grätzel[22] have reported in detail
the preparation and use of a compact TiO2 layer obtained
by aerosol pyrolysis as photoelectrode in combination with
various electrolytes. Recently Grätzel and co-workers have
used this type of compact layer efficiently in solid state so-
lar cells [13,14]. The importance of this compact layer is
otherwise not yet recognized or exploited by other research
groups[24].

This paper describes the details of an automated method
of preparation of such a compact layer of TiO2 by spray
pyrolysis of an aerosol of titanium(IV) bis(acetoacetonato)
di(isopropanoxylate) (TAA) in ethanol and its standardiza-
tion for a solid state solar cell containing a p-type organic
semiconductor. The nature, structure and morphology of this
layer with increasing thickness was examined with scan-
ning electron microscopy (SEM) and the rectifying property
of this compact layer was studied by looking into the cur-
rent (I)–voltage (V) characteristics of a simplified two-layer
diode involving this layer and a hole conductor. Influences
of the layer thickness on the photovoltaic properties of the
corresponding solar cells were also investigated.

2. Experimental

2.1. Materials

Glass substrates (Type TEC8, 3 mm thick) were pur-
chased from Hartfordglass (Indiana, USA). The substrate,
covered with a layer of fluorine-doped tin oxide (FTO)
which had a sheet resistance of 8� per square, was cut to a
size of 25.4 mm×25.4 mm and used for the cell preparation.
Titanium (IV) bis(acetoacetonato) di(isopropanoxylate)
and N-lithiotrifluoromethane sulfonimide, (CF3SO2)2NLi
(Li-salt), were purchased from Aldrich. TAA was used
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as received and Li-salt was dried in vacuum before use.
Nanocrystalline titanium dioxide (nc-TiO2) precursor paste
(Ti-oxide TSP) and ruthenium-dye (Ru-535 bisTBA or
N719) were bought from Solaronix (Aubonne, Swiss) and
used without further treatment. The nc-TiO2 paste con-
sisted of anatase particles with a diameter of about 13 nm
and a surface area of 120 m2/g according to BET measure-
ment. The paste was diluted in terpineol by the manufac-
turer to form a pale-yellowish colloidal paste. The dye,
cis-bis(isothiocyanato)-bis-(2,2′-bipyridyl-4,4′-dicarboxyla-
to)-ruthenium(II)-bis(tetrabutylammonium) has a shortened
formula of RuL2(NCS)2(TBA)2, where L= 2,2′-bipyridyl-
4,4′-dicarboxylic acid and TBA= tetrabutylammonium. A
short name, Ru-dye, is used in this paper. 2,2′,7,7′-Tetrakis-
(N,N-di-4-methoxyphenyl amino)-9,9′-spiro-bifluorene
(spiro-OMeTAD) was synthesized according to a procedure
known in literature[25]. Thespiro-OMeTAD radical cation
salt (abbreviated as ox.-spiro) was obtained by single elec-
tron transfer oxidation ofspiro-OMeTAD with excess of
AgSbF6 in toluene. Other solvents and common chemicals
were purchased from Aldrich or Fluka and used as received
without further purification.

2.2. Instrumentation

The spray pyrolysis deposition (SPD) and screen-printing
were carried out using home-made instruments; the details
of which are given below. The thicknesses of the block-
ing layers were measured by field-emission scanning elec-
tron microscopy (FE-SEM LEO 1530) and also with spec-
troscopic ellipsometry (Sentech SE 850). The photovoltaic
current–voltage measurements were carried out with a Keith-
ley 6517 Source-Measure unit under AM 1.5 G conditions
(Xenon arc lamp, Air Mass Filters from Oriel). The intensity
of light was calibrated with a standard Si-reference cell from
the Fraunhofer Institut für Solarenergie (ISE), Freiburg as

Fig. 1. A schematic description and SEM cross-section of the different layers in a solid state, dye-sensitized nanocrystalline TiO2 solar cell. A
fluorine-doped tin oxide (FTO) layer forms the transparent anode. The blocking TiO2 layer (bl-TiO2) is to avoid the recombination and short circuiting
at the FTO anode. The nanocrystalline TiO2 (nc-TiO2) provides large surface area on which a mono-molecular layer of the Ru-dye is chemisorbed and
this forms a heterjunction where light-harvesting and charge separation take place. The separated electrons and holes are conducted through TiO2 to the
FTO-anode and through the organic hole-transport layer (HTL) to the Au-cathode, respectively.

77 mW/cm2. Au was deposited by electron beam deposition
in a BA 510 vacuum chamber from Balzers (Liechtenstein).

2.3. Solid state dye-sensitized TiO2 solar cell

Fig. 1 shows schematically the different layers in a solid
state Grätzel solar cell modified with an organic hole conduc-
tor [13,14]. In this cell, the FTO layer serves as a conducting
electrode which is also transparent to let the light through to
reach dye-TiO2 junctions. The next layer, a compact TiO2
film acts as the blocking layer to prevent holes formed in the
dye or HTL layer from reaching the lower FTO layer, which
would otherwise short-circuit the cell. The porous structure
of the nc-TiO2 layer enlarges the surface area greatly up to
a factor of about 1000 as compared to a flat surface, which
enables most of the light to be absorbed, or reflected and
then absorbed, resulting in maximum light harvesting. The
nc-TiO2 itself is a network, making it possible for the trans-
ferred electrons to reach the anode through this perforated
network. A molecular layer of Ru-dye is self-assembled on
the nc-TiO2 surface by chemisorption, forming a heterjunc-
tion which functions as an interface for the separation of
charges from the excitons formed. The charge separation oc-
curs at the interface, the electron is transferred to TiO2 and
the hole in dye is compensated by electron transfer from
HTL (see enlarged part inFig. 1) [11,13]. The hole-transport
layer (HTL) is prepared from a mixture ofspiro-OMeTAD,
radical cation salt ofspiro-OMeTAD (ox.-spiro), and Li-salt.
The ox.-spiro acts as a dopant to enrich charge concentra-
tion and the Li-salt is added to increase conductivity as well
as to manipulate the surface potential of TiO2 to enhance
electron injection.

As shown inFig. 2, we typically prepared four cells on
a substrate to check the reproducibility. The different lay-
ers are deposited in the middle (area b3) of the substrate
followed by the deposition of a layer of gold on areas b1
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Fig. 2. The solar cell structure with four identical cells showing the
different contacts and regions on a glass substrate (25.4 mm× 25.4 mm).
The different layers are deposited in the middle (area b3) followed by
the deposition of a layer of gold on areas b1 and b4 (shaded regions).
FTO on area b5 was etched away, whereas on area b2 there is bare FTO.
Effective area of each cell is the common region of areas b3 and b4,
which is 8 mm× 2 mm (0.16 cm2).

and b4 (shaded regions). FTO on area b5 was etched away
with zinc powder and HCl, whereas on area b2 there is bare
FTO, i.e., without any layers except Au deposition on b1.
The effective area of each cell is the common region of ar-
eas b3 and b4, which is 8 mm× 2 mm (0.16 cm2), where
the photo-induced charges are collected to the outer circle.
Solar cell samples were prepared by successive deposition
of the component layers as follows. First a compact layer
of bl-TiO2 was deposited via SPD followed by a nc-TiO2
film by screen-printing. After sintering the nc-TiO2, the sub-
strate was immersed in a Ru-dye solution for dye-coating.
Physisorbed dye molecules were subsequently washed away
and a HTL layer was spin-coated as the next step. Finally,
with a mask, a thin Au-film was vapor-deposited. The next
sections give a detailed description of layer-by-layer prepa-
rations of a solar cell.

2.3.1. Spray pyrolysis deposition (SPD) of TiO2
The TiO2 blocking layer (bl-TiO2) was prepared by spray

pyrolysis deposition[22,23]. An SPD setup was developed
in our lab, and the spraying procedure was automated to
avoid errors by manual work.Fig. 3 sketches the principles
and the components of the SPD setup. The setup consisted
mainly of a hot-plate whose temperature could be controlled,
a reservoir with a nozzle and a sledge which moved the
sprayer. A programmable controller connected to the sledge
could regulate the moving speed of the sprayer, the number
of spraying cycles and the interval between the spraying
cycles.

To carry out the SPD, cleaned FTO glass substrates were
put on the hot plate and heated to 450◦C. By blowing com-
pressed air in a perpendicular direction to the suction capil-
lary tube in the vicinity of its opening in the nozzle, the so-
lution containing TiO2 precursor in the reservoir was sucked
by and mixed with the air and the aerosol formed was driven
to the heated substrate by the blowing force of the com-
pressed air. The temperature of the hot plate was high enough

Fig. 3. Schematic setup for automated spraying pyrolysis deposition (SPD).
Temperature of the hot stage and moving speed of the sledge are con-
trolled by regulators. Number of spraying cycles and intervals between
two cycles are adjustable. In a SPD process, an aerosol of titanium(IV)
bis(acetoacetonato) di(isopropanoxylate) (TAA) is created and sprayed on
to the substrate kept at a temperature high enough to burn off all the
organics, thus leaving behind a compact layer of TiO2.

to pyrolyze any organic substance to gases, leaving behind
titanium dioxide to form a compact film on the substrate.

The preparation conditions of the TiO2 blocking layer
with the SPD setup were systematically optimized in
our lab to obtain reproducible and smooth films. The
organo-titanium compound, TAA, diluted with ethanol to a
concentration of 0.2 M was used as the spraying solution
[22]. The pyrolysis was carried out at 480◦C. After the
required number of spraying cycles under optimized con-
ditions, the substrates ware annealed at 500◦C for another
hour before cooling down to room temperature. The sub-
strates were kept in an inert atmosphere for further layer
preparation.

2.3.2. Screen-printing of nanocrystalline TiO2 film
(nc-TiO2)

Nanocrystalline TiO2 was deposited on the compact TiO2
layer by screen-printing. A substrate with bl-TiO2 was fixed
on the screen-printing setup by vacuum chuck and nc-TiO2
paste was swept over a sieve (mesh size 173�m) with a
plastic block. After removing the sieve, a film of nc-TiO2
paste was left behind on the substrate. The sample was sub-
sequently sintered, first at room temperature for half an hour
to evaporate organic solvents, followed by heating to 500◦C
at a heating rate of 4◦C/min and kept at 500◦C for another
30 min before being cooled down in ca. 1.5 h to about 80◦C
for dye coating. The nc-TiO2 layer thickness after sintering
was around 3�m.

2.3.3. Coating of the Ru-dye and the hole-transport layer
(HTL)

Ru-dye was dissolved in a mixture of acetonitrile and
tert-butanol (volume ratio 1:1), forming a 0.5 mM dark
reddish-brown solution which was filtered through a
1�m filter (Whatmann, Ann Arbor, MI). Water-free sol-
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vents were used and the preparation was carried out at
room temperature in a flow box under continuous flux
of an inert gas, which keeps the box relative humidity at
about 30%.

After being cooled down to about 80◦C from the sinter-
ing step, the substrates were transported directly into the dye
solution. The nc-TiO2 is made up of very small particles
and, therefore, plenty of minute holes and cavities exist in
the film. The “warm-condition” of the sample (80◦C) pre-
vented moisture from being absorbed in the cavities, which
can otherwise reduce the surface area available for active
self-assembly of the Ru-dye molecules. Dye coating was
carried out at room temperature in the flow box in the dark
for 18–20 h. Thereafter, the physisorbed dye molecules were
rinsed away by dipping the samples in dry ethanol for 1 h.
The samples were subsequently dried in vacuum at 45◦C
for at least 3 h.

The hole-transport layer was spin-coated as the next
step. Spiro-OMeTAD (0.16 M), and ox.-spiro (0.16 mM)
were dissolved in water-free chlorobenzene, and Li-salt
(15 mM) in cyclohexanone. (Other solvent combinations
were tested for the Li-salt, but the quality of the result-
ing HTL films was very poor.) From the above solutions,
7.2 volume portions ofspiro-OMeTAD, 1.8 portions of
ox.-spiro, and one portion of Li-salt solutions were mixed
and filtered through a 0.25�m Teflon filter (Whatmann).
For each substrate, 150–200�l of the hole-conductor solu-
tion was used for the spin-coating.

After spin-coating, the hole-conductor materials on
both edges of the substrate (areas b2 and b5 inFig. 2)
were removed by rubbing softly with cotton swabs wet-
ted with toluene. The substrates were then dried in
vacuum at 45◦C over night. As the final step, 200 nm
Au-layer was vapor-deposited with the help of a mask
(cf. Fig. 2).

3. Results and discussions

By varying the number of spraying cycles in the prepa-
ration of the blocking TiO2 films, a series of samples with
increasing blocking layer thickness (spraying cycles: 1,
2, 3, 4, 6, 8, 10, 12, 14, 16, 18, 22, 26, 30) on top of
FTO-coated glass substrate was prepared. The influence of
the increasing bl-TiO2 thickness on the surface morphology
and the film thickness was examined by scanning elec-
tron microscopy. The refractive index and thickness were
further measured with ellipsometry[26]. To characterize
the rectifying effects of the bl-TiO2, current–voltage prop-
erties of cells with the structure, FTO/bl-TiO2/HTL/Au,
with different bl-TiO2 layer thickness were investigated.
Moreover, solar cells were also prepared with the struc-
ture, FTO/bl-TiO2/nc-TiO2/Ru-dye/HTL/Au, in which only
bl-TiO2 layer thickness was varied and their photovoltaic
properties investigated to study the influence of the block-
ing layer thickness.

3.1. Scanning electron microscopic (SEM) studies of the
blocking TiO2 layers

Fig. 4 shows the SEM pictures of top-view (a, c, e) and
cross-section (b, d, f) of bare FTO and compact titanium
dioxide films with 8 and 30 spraying cycles, respectively.
The cross-section images were taken at a 5◦ tilted angle,
making it possible to have a roughly lateral look on the sam-
ple surface. The magnification factor of these pictures in
Fig. 4 is 50,000×. The bare FTO surface shows character-
istic morphology of tin oxide crystals (Fig. 4a). The corre-
sponding cross-section picture (Fig. 4b) reveals a thickness
of ca. 500 nm for the FTO with a uniform and homogenous
relief. Fig. 4c displays a surface after eight cycles of TiO2
spraying deposition. Most of the small FTO particles were
covered by the TiO2, and the sharp edges of bigger FTO
particles were rounded off by the deposition. Apparently,
TiO2 was growing on top of the FTO particles, taking up the
structure of the underneath surface relief. This point is fur-
ther supported by observing the side-view picture (Fig. 4d)
where it can be seen that the TiO2 surface morphology is
“smoothed” to some extent, but predominantly maintaining
the underneath FTO relief morphology.

The particle-like pattern seen inFig. 4c is, therefore, the
result of the deposition, layer upon layer, of TiO2 on the
FTO particles, the relief of the latter determining the mor-
phology of the above-grown TiO2. This notion is somewhat
different from the one proposed by Kavan and Grätzel[22],
who have observed that TiO2 “particles” grow on the top
of FTO surface. From the SEM pictures they have mea-
sured the particles size of a 100 nm thick TiO2 film to be in
the range of 49–56 nm. Interestingly, structures of similar
size range were also noticed with a TiO2 film which had
a thickness of 125 nm (Fig. 4c, see below). As discussed
above, however, the seemingly particle-like patterns of TiO2
were the result of the growth of TiO2 on top of the FTO
morphology lying underneath.

A different morphology of the FTO would have resulted in
a different TiO2 pattern. The cross-section picture displays
a compact, crack-free TiO2 film which is dense and contin-
uous (the 10 nm sized sub-structures arise due to a 3 nm Pt
layer deposited to increase the conductivity of the surface
in the SEM analysis). The thickness of the bl-TiO2 film de-
termined with the SEM, is 122± 5 nm for eight spraying
cycles.

After 30 TiO2 spray deposition cycles (Fig. 4e), the
sharp edges and the smaller particle structure are almost
completely disappeared as a result of the repeated efficient
compact layer formation. Only big particles with gentle
edge-curves are to be seen (Fig. 4e). While shapes and
similarities in size distributions between the underneath
FTO particles and the TiO2 pattern on the surface can still
be slightly recognized after eight cycles of TiO2 spraying
(compareFig. 4a and c), there is hardly any resemblance
either in the appearance or in the size distribution to be
identified after 30 deposition cycles (compareFig. 4a
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Fig. 4. Scanning electron microscope (SEM) pictures of bl-TiO2 layers prepared by eight spraying cycles (c, surface and d, cross-section) and 30 spraying
cycles (e, surface and f, cross-section) compared with bare FTO layer (a, surface and b, cross-section). Thickness of the TiO2 layer in (d) and (f) are
120 and 440 nm, respectively.

and e). A lateral view of the 30-cycle sample reveals quite a
smooth surface with very gentle roughness, with hardly any
trace of the surface morphology of the starting FTO being
preserved. The thickness of the TiO2 layer obtained after
30 spraying cycles was determined to be 440 nm (Fig. 4f).
This suggests roughly a thickness of about 15 nm per spray
deposition cycle for TiO2.

We obtained thicker TiO2 films than those of Kavan
et al. [22], who have got a film thickness of 80–100 nm
after 20 repetitive spraying cycles with the same concentra-
tion of spraying solution. This might have arisen from the
differences in the preparation conditions, which are very
difficult to be controlled and reproduced if done in a man-
ual way. Parameters such as the air pressure, the spraying
rate, distance between the nozzle and the substrates can
all affect thickness of the resulting TiO2 films. The auto-

mated procedure presented here avoids uncertainties in the
reproducibility of these films.

3.2. Ellipsometric measurements

Ellipsometry is a fast, precise and non-destructive mea-
surement tool to determine the refractive index (n) or the
thickness (d) of a sample[26]. Unfortunately the two pa-
rameters are not independent of each other and therefore,
they cannot be determined in absolute terms in just one
experiment. Extra information aboutn or d should be ob-
tained beforehand by other techniques. In our investigation,
the thickness of two bl-TiO2 samples could be acquired
by SEM (seeSection 3.1) which was used for the spec-
troscopic ellipsometric fittings to get the refractive index
of these TiO2 layers. Thisn value is then used for thick-
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ness determination of further bl-TiO2 samples. Using the
same samples, ellipsometry was carried out before carry-
ing out the SEM, for the samples had to be cut into pieces
and evaporated with platinum. With the Sentech 850 el-
lipsometer, multiple angle measurements were carried out
for angles of incidence of 50◦, 55◦ and 60◦ to obtain the
wavelength dependent delta and the psi values, which de-
scribe the phase shift and the ellipticity of the reflected
light beam, respectively. No retarder was used and the data
were analyzed with an implemented fitting routine using a
Cauchy layer as model system using the following formulae
[27]:

n(λ) = n0 + c0
n1

λ2
+ c1

n2

n4
and

k(λ) = k0 + c0
k1

λ2
+ c1

k2

n4

wherec0 = 102, c1 = 107, λ is the wavelength, andn0, n1,
n2, k0, k1 andk2 the fitting parameters.

Due to the fact that thinner TiO2 layers cause only few
interference peaks, the simulation becomes more and more
difficult for thinner layers. Therefore, the thickness value of
the thickest sample (440 nm) from the SEM investigation
was used as starting parameter to obtain the refractive index.
A simultaneous fit (fitting routine SpectraRay by Sentech
Instruments GmbH) of all six data sets (psi and delta) was
carried out and within the errors the simulation was matched
well to the measured curves assuming a 2 nm thickness vari-
ation over 1 mm of the TiO2 layer. Thus, a refractive index
of 2.59 at a wavelength of 632.8 nm for the 440 nm thick
sample could be determined (Parameters for the relation:
n0 = 2.594,n1 = −244.7, n2 = 104.4, k0 = −0.033,k1 =
326.486,k2 = −249.605). Assuming that the refractive in-
dex is constant for different layer thicknesses of TiO2, it was
possible to determine the different thicknesses for the other
thinner samples as well by changing the thickness parameter.
The shape and number of the peaks of interference pattern of
the delta and psi data sets could be nicely reproduced by the
simulations. It was also possible to reproduce the thickness
measurement of a thinner sample which was also determined
by SEM for eight spraying cycles: (in SEM,d = 122 nm±
5 nm and in Ellipsometry,d = 126 nm). The assumption
that the refractive index of the TiO2 layer is independent of
the thickness seems to be correct and so it is possible to use
one set of parameters of an ellipsometric measurement of a
thick sample to determine the thickness of thinner samples.
On plotting the thickness obtained by SEM and ellipsomet-
ric measurements against the number of spray cycles we
note that the thickness of the compact layers is reasonably
proportional to the number of spraying cycles above six (see
Fig. 5). The dashed line represents a linear fit of the thickness
measured by ellipsometry. These results suggest that one
spraying cycle leads to about a 15 nm thick TiO2 compact
layer.
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Fig. 5. Thickness of bl-TiO2 layers obtained from ellipsometry measure-
ments as a function of the number of spraying cycles. The thickness
data obtained from SEM (dark squares) agree with the ellipsometric data
(thicknesses for less than six spraying cycles show uncertainties in the
ellipsometric method and therefore are not taken account of, in this plot)
and the thickness is seen to vary proportional to number of spraying
cycles.

3.3. Rectifying behavior of the blocking TiO2 layer

The energetics at the interfaces and the function of a
blocking TiO2 layer can be better understood by looking
into the energy level diagram as given inFig. 6. In an ideal
case, the separated electrons from the exciton produced in
the dye should flow out through the TiO2 to the FTO elec-
trode and the hole produced in dye should be compensated
by electrons flowing from the Au electrode through the hole
conductor to the dye. Any backward flow of electron from
FTO to the dye or HTL layer results in recombination of
separated charges which worsens the performance of the

Fig. 6. Energy level diagram showing the work functions and
HOMO/LUMO energy values of the respective materials constituting the
different layers in the solid state dye-sensitized TiO2 solar cell. The val-
ues given correspond to solid state values. For the dye and HTL, cyclic
voltammetry measurements in solution gave the HOMO energy value as
5.6 and 4.9 eV, respectively, which are corrected by including the polar-
ization energy factor of 0.3 eV[28] to obtain 5.9 and 5.2 eV, respectively,
in solid state.
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Fig. 7. Current–voltage curves showing increasing rectifying behavior of
the blocking layers for increased number of spraying cycles or increas-
ing thickness of bl-TiO2 layer for cells, FTO/bl-TiO2/HTL/Au where“/‘’
stands for a interface, and HTL consists ofspiro-OMeTAD and ox.-spiro.
For the purpose of clarity, only five different thicknesses are shown here.

solar cell. The important function of the TiO2 blocking layer
is to block the passage of electrons from FTO to the HTL
(or in other words to block the passage of holes from HTL
to the FTO) and this can be studied by examining the rec-
tifying behavior of such a bl-TiO2 layer. For this purpose,
we have built simple cells with a blocking TiO2 layer and a
hole-transporting layer between the FTO and Au electrodes,
omitting the nanocrystalline TiO2 film and the dye andI–V
properties were studied for different bl-TiO2 thicknesses for
the cell-type: FTO/bl-TiO2/HTL/Au, where“/‘’ represents
the interface between two layers, and HTL consists of only
spiro-OMeTAD and ox.-spiro (i.e., without Li-salt). The
voltage was increased continuously from−0.5 to +1.0 V
with FTO biased negative andFig. 7displays theI–V curves
measured in the dark for samples with different bl-TiO2
thicknesses. In case of no bl-TiO2 layer, no Schottky contact
was formed and a linearI–V relationship was obtained ac-
cording to the Ohm’s Law (curves are not shown here). The
device with one spraying cycle bl-TiO2 layer exhibits also a
linear current–voltage relationship, revealing that there was
no rectifying behavior and no continuous film was formed.

After two cycles of TiO2 deposition, theI–V curve of
the resulting device takes the form of an anti-S shape. This
type of behavior points to the existence of typically many
small pinholes in thin films. From the third spraying cy-
cle on, the cells show a blocking effect of the TiO2 layer,
illustrating the presence of continuous, pinhole-free, com-
pact TiO2 films. These results suggest that upon spray py-
rolysis deposition the TiO2 films grow as follows: first,
non-continuous, isolated TiO2 spots are formed; then a con-
tinuous layer takes form with pinholes existing therein and
from the third spraying cycle onwards, the film becomes
continuous, pinhole-free and compact.

It can be seen inFig. 7 that with increased bl-TiO2 thick-
ness, less current density (in the first quadrant) and higher
breakthrough voltage (in the third quadrant) were measured.
For cells with very thick bl-TiO2 (30-cycle deposition or

TiO2 thickness ca. 450 nm), the current densities in both
negative and positive voltage regions were very small and
was in the range of several�A/cm2. The current density
values from theI–V curves inFig. 7 give us very important
information about the rectification ability of the bl-TiO2
films. More current density in the first quadrant means that
more electrons are injected from FTO through the bl-TiO2
into HTL or holes from HTL have passed through the
blocking film and reached the FTO-anode, which indirectly
implies recombination of charges produced later in a solar
cell under this bias conditions of measurement. Thicker
bl-TiO2 films can prohibit this loss, i.e., thicker bl-TiO2 film
can better block the holes produced from getting through
to the anode and, therefore, result in a better overall per-
formance of the cell. Thicker compact bl-TiO2 can, on the
other hand, also hinder the desired transport of electrons
from reaching the FTO-anode due to inclusion of traps and
impurities, which will therefore reduce the performance
in a solar cell. For the overall performance of a solar cell,
there exists an optimum thickness or thickness region for
the blocking TiO2 layer, in which there is a balance of
rectifying property and electron transport.

The rectification ratios (the ratio between current at for-
ward bias to current at backward bias) at a bias of 0.4 V
(V = 0.4 V is the typical open-circuit voltage,VOC, for the
solar cells investigated in this study, seeFig. 10) for sam-
ples with two and three spraying cycles are almost negli-
gible. The ratios of samples with 8 and 22 spraying cycles
are 14 and 3.3 × 102, respectively. To understand this bet-
ter, we can draw a perpendicular line at a definite voltage,
say, atV = 0.4 V (the dotted line inFig. 7), the intersec-
tions of this line with theI–V curves for different bl-TiO2
layer thickness give the current density that passes through
the bl-TiO2 when the voltage (V = 0.4 V) is applied to the
sample. It is clearly seen that even for eight spraying cy-
cles, the current loss is about 10% atV = 0.4 V for a cell
delivering anISC of 1 mA/cm2.

To make it more understandable, inFig. 8the current flow
in the first quadrant for two different typical voltages of 0.4
and 0.8 V are plotted as a function of the number of spraying
cycles (V = 0.8 V is the VOC of a modified Grätzel solar
cell with special additives and improved properties reported
in the literature[14]).

Typically, the short-circuit current,ISC, in our case is
around 1 mA/cm2 (see alsoFig. 10). If we allow the current
loss due to recombination at FTO to be, say, 0.1 mA/cm2

(i.e., 10% with respect toISC) at an applied voltage of 0.4 V
(see horizontal line which passes throughI = 0.1 mA/cm2

in Fig. 8), then more than four spraying cycles (or a thick-
ness of more than 60 nm) are necessary for the bl-TiO2 to
meet this requirement. In a similar way, for a 1% (ofISC)
of current flow (0.01 mA/cm2, the dash-dot line inFig. 8)
for the same voltage,V = 0.4 V, it requires a minimum
number of 14 spraying cycles, or a blocking TiO2 thick-
ness of at least 200 nm. For cells with open-circuit voltage
VOC = 0.8 V, even thicker bl-TiO2 films are needed to meet
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the same blocking effect. The quintessence of this study is
that for appreciably high open-circuit voltage, a thickness of
about 150 nm of bl-TiO2 is necessary to have the required
blocking effect to minimize the current loss due to recom-
bination at FTO electrode.

3.4. Influence of the blocking layer on the photovoltaic
properties

A solid state, dye-sensitized nanocrystalline TiO2 so-
lar cell can be represented by the following formula:
FTO/bl-TiO2/nc-TiO2/Ru-dye/HTL/Au, where “/” stands
for the interface, and HTL consists ofspiro-OMeTAD,
ox.-spiro and Li-salt. To study the influence of the blocking
layer and its thickness on cell performance, a series of solar
cells was prepared with the blocking layer thickness as the
only variable parameter (deposition of TiO2 from 0 to 30
cycles) and all other parameters being kept constant.

For the purpose of clarity,I–V curves of only some se-
lected solar cells with 1, 2, 8, 14, and 22 spraying cycles
are shown inFig. 9. The solar cell without bl-TiO2 exhib-
ited an almost linearI–V curve (not shown) whoseISC is
below 10−7 A/cm2, andVOC less than 1 mV. Evidently, the
cell had short-circuited and scarcely any output power could
be obtained from such a solar cell. The very poor perfor-
mance of solar cells without the blocking layer prove the
need for this layer as an indispensable component in solid
state dye-sensitized solar cells.

Even though no proper uniform film was formed upon
one cycle of TiO2 deposition, the corresponding solar cell
exhibited, as compared with the cell without bl-TiO2, a con-
siderably improved performance withISC = 0.2 mA/cm2

and VOC = 310 mV (solid square inFig. 9). The reason
is that, although the film was not continuous, as discussed
above, there were places where bl-TiO2 existed as patches
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Fig. 9. Current–voltage characteristics of the solid state solar cells for
different thicknesses of bl-TiO2 layers (for clarity, only data for spraying
cycles 1, 2, 8, 14 and 22 are shown). The inset shows the constant
behavior of cells having bl-TiO2 layer thickness between 120 and 200 nm
(corresponding to 8 and 14 cycles of SPD) which is the optimum region
of thickness for best solar cell performance.

which functioned as the blocking layer and contributed to
the resulting performance, due to partial suppression of re-
combination at FTO.

The cell with two deposition cycles exhibited much bet-
ter performance. The TiO2 film, though containing pinholes,
was much more continuous than that from one deposition cy-
cle and acted more effectively as a blocking layer and there-
fore much better performance was, therefore, obtained as
expected. The huge loss in current density (ca. 0.7 mA/cm2,
see Fig. 7) due to the unsatisfactory rectifying behavior
of the bl-TiO2 here clearly explains the reducedISC of
this cell as compared to that of the best performance cells.
The rectifying behavior shown inFig. 8 exhibits similar re-
sults, that is, the current flow decreases very rapidly for
devices with spraying cycle 0 to cycle 2 and from cycle
3 onwards the decreasing tendency becomes much more
gentle.

A kind of plateau in the performance is observed for cells
which had bl-TiO2 layers from deposition cycles 8–14 (see
inset inFigs. 9 and 10). The thickness of the bl-TiO2 was
accordingly 120–200 nm. We can, therefore, suggest that a
continuous, compact, pinhole-free TiO2 layer is the prereq-
uisite for an efficient blocking layer, and this is guaranteed in
the thickness range of 120–200 nm. In this thickness range,
good rectifying behavior was observed and the overall per-
formance of the corresponding solar cells remains almost
constant. This can be seen in the constant and comparable
performance of the cells shown as inset inFig. 9.

An additional increase in the bl-TiO2 thickness above
200 nm resulted in a worsening of the performance of the
corresponding solar cells (Figs. 9 and 10). The cell with
22 spraying cycles (bl-TiO2 thickness ca. 330 nm) showed
more than 30% decrease in theISC and the cell with 30
spraying cycles (bl-TiO2 thickness ca. 450 nm) even more
than 50%. Thus, a thick bl-TiO2 can block the holes very
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efficiently, which is advantageous for the solar cell perfor-
mances; but when TiO2 is too thick, this very layer will, on
the other hand, hinder electrons from reaching the anode,
which worsens the performance of solar cells.

The resulting cell performance in terms ofISC, VOC, fill
factor (FF) and power conversion efficiency (η) are plot-
ted in Fig. 10 for all the different thicknesses of bl-TiO2
layer obtained by different number of spraying cycles. The
short-circuit current,ISC, shows a maximum-plateau be-
tween Cyc-5 and Cyc-14 (Cyc for cycle). For the fill factor
curve there is a wider maximum-region which covers the
region from Cyc-4 to Cyc-22. A saturation effect can be
observed in the open-circuit voltage,VOC, curve. TheVOC
reached 400 mV at Cyc-4 and stayed around this value for
all the thicker bl-TiO2 cells. The efficiency,η, is defined by
the equation,

η = ISCVOCFF

Pinput

where Pinput is the input power which was the same for
all the measurements. Thus,η reflects the resulting product
of the three parameters,ISC, VOC and FF. A maximum flat
region of the efficiency is clearly to be seen and the fact
that this maximum extends over a region of 120–200 nm of
bl-TiO2 layer, is therefore convenient for the preparation of
large area solar cells in which a fluctuation of bl-TiO2 layer
thickness can be tolerated.

4. Conclusions

Summarizing, to obtain the best overall performance, the
bl-TiO2 layer thickness should lie in the region 120–200 nm.
In our lab, we choose the thickness to be 150 nm, which
corresponds to 10 spraying cycles. For this thickness,
the current flow through the bl-TiO2 layer is only about
0.01 mA/cm2 as measured in Schottky diodes at a bias
of 400 mV.

Thus, the preparation steps of solid state dye-sensitized
nanocrystalline TiO2 solar cells are optimized with respect
to the blocking TiO2 layer which is one of the important
layers in such a multi-layer solar cell. The blocking layer
morphology and thickness were characterized using SEM
and spectroscopic ellipsometry. The rectifying behavior of
compact TiO2 layers with increasing thickness were studied.
An optimum thickness of about 150 nm of compact TiO2
layer was found to give the best results in terms of recti-
fying behavior and photovoltaic properties. The automated
procedure of preparing the blocking layer guarantees repro-
ducibility in constant thickness and the nature of this crucial
layer as seen in the current–voltage characteristics of the so-
lar cells. A standard cell without this blocking layer gives
only a few micro-amperes compared to those with blocking
layer which give some milli-amperes. Further optimization
of this type of solar cell with respect to dye/HTL interface
is the current topic of our research and the results will be
published later.
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