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Dye sensitised solar cells (DSSCs) use a mesoporous TiO2 scaffold, typically 
assisted by an adsorbed dye, as the main active element, responsible for the photon 
absorption, exciton generation and charge separation functionality. The sintering 
process employed in the TiO2 active layer fabrication plays a crucial role in the 
formation of the nanoparticle scaffold and hence the performance of a dye 
sensitised solar cell, as it allows the particles to form efficient inter-crystalline 
electric contacts to provide high electron conductivity. The sintering temperature, 
with typical values in the range of 450–600 °C, is of particular importance for the 
formation as it reduces the amount of unwanted organics between the individual 
crystallites and determines the formation of interfaces between the nanoparticles. 
Furthermore, the cell design requires a conductive transparent top electrode which 
is typically made of fluorinated tin oxide or indium tin oxide. Here we report on a 
highly spatially resolved scanning electron microscopy study including focussed 
ion beam (FIB) milling and energy dispersive X-ray (EDX) mapping of the 
distribution of all relevant elements within a DSSC subsequent to a classical 
sintering process. We find that the above quoted temperatures cause the Sn of the 
transparent conductive oxide (TCO) to migrate into the TiO2 scaffold, resulting in 
unwanted alterations in the composition of the complex scaffold which has a direct 
effect on the DSSC performance. One potential solution to this problem is the 
invention of novel concepts in the manufacturing of DSSCs using lower sintering 
temperatures. 

 

1. Introduction 

A dye sensitised solar cell (DSSC) consists of a mesoporous, semiconducting 
nanoparticle film onto which a monolayer of dye is adsorbed, an electrolyte, a 
catalytic layer and two electrodes of which one should be transparent (Fig. 1). 
Other variations to this original setup developed by Grätzel and O'Regan1 are the 
focus of recent developments (e.g. flexible electrodes,2 the use of polymers or gel 
electrolytes3) and show promising results for future applications. The working 
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principle of a DSSC is based on electron injection from an excited state of a dye 
into the conduction band of a wide band gap semiconductor. Due to its unique 
properties, titanium dioxide (TiO2) is one of the most employed semiconductors in 
the DSSC manufacturing. The process of converting light energy incident on the 
DSSC to electricity takes place on a molecular level and is therefore, at least in this 
aspect, similar to photosynthesis in nature; it is a regenerative 
photoelectrochemical process by way of the electrolyte. The purpose of the dye is 
to sensitise the TiO2 layer to the visible and near-infrared part of the solar 
spectrum, i.e. to enhance the wavelength acceptance of TiO2, as without it the 
nanoparticle layer would only respond to ultraviolet light according to its band 
gap.1 The lowest excited state of the dye must align to the conduction band edge of 
the semiconductor and the absorption range of the dye should cover the widest 
range possible, e.g. the entire visible spectrum.4 The effective decrease in the large 
band gap of the semiconductor (3.2 eV) may be accounted for by assuming the 
introduction of new  dye surface states;1 the range of wavelengths absorbed by a 
DSSC is governed by this effective band gap. Natural, porphyrin-based sensitizers 
may be chemically modified to yield higher power conversion efficiencies of up to 
7.1%.5 However, synthetic dyes report the highest efficiencies of up to 11.3% at 
present6 and are typically a Ruthenium-based complex. 
 
 

 
 Fig. 1 Schematic of the DSSC design.  

 
 

The preparation of the DSSC negative electrode includes the sintering of the 
applied TiO2 film. This sintering process is required for burning out the organic 
binders and surfactants, therefore for establishing good electrical contacts between 
adjacent TiO2 nanoparticles in the porous layer as well as between the 
TiO2 nanoparticles and the transparent conductive layer. The optimal sintering 
temperature for the semiconducting films forming the negative electrode has been 
investigated in various literature studies. The TiO2 sintering temperature of 450 °C 
was reported to produce good electronic contacts between the nanoparticles and the 
support substrate, but also between all the nanoparticles that form the scaffold.7 

In general, the sintering of the TiO2 films at higher temperatures (e.g. 500 °C) 
translates to higher photocurrents and higher power conversion efficiencies, as 
opposed to lower temperature (e.g. 250 °C).8 By further increasing the sintering 
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temperature within a certain band, the crystallinity of the TiO2 can be enhanced 
and therefore the performance of the DSSC is also improved.9 According to 
Meen et al., the optimum TiO2 sintering temperature is 600 °C, at which anatase 
phase forms best. However, if the temperature is increased beyond this point to 700 
°C the TiO2 film turns into the rutile phase completely which is to be avoided in 
DSSC manufacturing.10 It should also be mentioned here that temperatures 
between 500 °C and 600 °C might be the optimum from the crystallographic 
standpoint  as reported above, however the glass substrate and the TCO layer 
might be affected negatively at such high temperatures. An analysis on the optical 
properties of the SnO2:F as reported by Iratni et al. establishes the idea of the 
Fermi level shift during the sintering process, which translates into a loss in 
conductivity and hence, reducing the cell efficiency.11 The sintering temperature 
for other important semiconductors employed in the DSSC manufacturing has also 
been investigated. High porosity ZnO nanocrystalline films can be produced at a 
sintering temperature of 200 °C, whereas a more compact film is obtained when 
sintering at 400 °C.7 

In the present study the DSSC fabrication process followed an accepted 
combination of methods, as described by O'Regan and Grätzel.1,12 In order to 
investigate the effect of the sintering process during the electrode fabrication on 
the properties of the DSSC, the nanoparticle TiO2 film was investigated using 
scanning electron microscopy, focused ion beam, energy dispersive X-ray 
spectroscopy and current–voltage characteristics analysis. 

2. Experimental procedure 

The DSSC electrodes are prepared on sheet glass (Nippon Sheet Glass, Solar 4 mm 
thickness) that has been coated with a transparent conducting oxide (TCO) layer. 
The TCO layer is fluorine-doped stannic oxide (SnO2:F) with a sheet resistance of 
8  per square. The SnO2:F is the preferred option for the TCO, as it was published 
to remain stable at high temperatures, up to 500 °C, during the sintering process 
required for the production of the DSSCs.13The conductive glass substrate is 
cleaned and rinsed with distilled water, then allowed to dry in a clean environment. 
The nanostructured TiO2 electrodes are typically deposited from a 
TiO2 nanoparticle colloidal solution, prepared by grinding 12 g of Degussa P25 
powder (approx. 70% anatase and 30% rutile) in 20 ml solution of acetylacetone 
and distilled water. The TiO2 deposition was achieved using the tape casting 
technique, also known as the doctor blade technique.14 After air-drying for 30 min, 
the TiO2 coated electrode was formed via the sintering process using a high 
temperature-controllable Carbolite oven. The oven was preheated to 450 °C and 
then the glass slide is placed on a grid and inserted into the oven for 10 min. The 
temperature is increased to 500 °C and the sample is left for another 10 min within 
the oven. After this process is finished, the electrode is allowed to cool slowly for 1 
h, to prevent the breaking of the glass. The number of potential sensitizers 
available is vast and may be of a natural or synthetic origin. For the cell, shown 
in Fig. 2, the TiO2 nanocrystalline electrode was immersed in a solution of 
anthocyanin dye that has been chosen as a sensitizer for the cells. The counter 
electrode is coated with a thin graphite layer, which acts as a catalyst for the 
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triiodide  iodide (I3
−/I−) regeneration process.14 The two electrodes are brought 

together and offset by 5 mm to allow for electrical contacts and held in place with 
a fixed mechanical pressure. Finally, the DSSC is activated with 50 l of the 
iodide–triiodide electrolyte solution, drawn into the cell viacapillary action. 
 
 

 

 
Fig. 2 The current density/voltage curve for 
variable loads characterizing the performance 
of the below investigated DSSC. 

 

 
 

The DSSCs fabricated as described above show typical performance 
characteristics, which were characterized by current density–voltage measurements 
as illustrated in Fig. 2. Based on a standard IV measurements14 and employing a 1 
kW Xenon arc lamp as the light source, a variable resistor was used as an artificial 
load for the DSSC which was varied from 0 (short circuit, SC) to 10 k  resistance 
in order to show the below current–voltage curve. Additionally, the spectral and 
temporal response of the cells has been evaluated to confirm their performance.15 

The structure of the TiO2 layer that forms the basis of a DSSC was 
characterized via the scanning electron microscopy (SEM) technique. A FEI 
Quanta 3D® dual beam scanning electron microscope equipped with a highly 
spatially resolving electron field emission gun, a highly spatially resolving Gallium 
ion gun and an EDAX Trident XM4 energy dispersive X-ray detector were 
employed for imaging and depth profiling of the TiO2 structures, providing a 
spatial resolution of down to 1.5 nm. 

3. Results and discussion 

In the following we present details of layer thickness, grain-size and more 
importantly an insight into the structure of the TiO2 scaffold subsequent to the 
above-described sintering process. Fig. 3 shows a typical surface section at a 
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magnification of 100 000×. It reveals the scaffold structure of the TiO2 and the 
depicted pyramid-like nanocrystals indicate that they correspond mainly to the 
anatase form of the TiO2. The size of the nanoparticles was measured with high 
precision and was found to be between 20 nm and 80 nm (some measurements of 

ndomly selected crystals are given in Fig. 3ra ). 
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Fig. 3 SEM image of sintered nanoparticle 
TiO2 layer, magnification 100 000× and sc

 

The SEM images reveal the porous structure of the TiO2 layer, which is a main 
asset of the DSSC, as it provides enhanced 

gh photon absorption. 
In order to evaluate the absolute thicknesses of the TiO2 scaffold and the 

TCO layer as well as to get access to the buried TiO2/TCO and TCO/glass 
interfaces the focused ion beam (FIB) technique was use
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Fig. 4 SEM image subsequent to focussed ion 
beam milling to evaluate the absolute 
thickness of the TiO2 and TCO layers; 
magnification 3500× and scale bar 10 m. 

 

 
 

Subsequent to the FIB sputtering, electron microscopy at a magnification of 17
500× was used to reveal the layer structure of the DSSC (Fig. 5). The TiO2 layer 
was measured to have a depth of 6.3 m (6.93 m–0.65 m) which indicates a 
significant shrinking of this layer during the sintering process (reduction factor of 
5.5). Such a strong alteration of the TiO2 thickness illustrates the magnitude of 
changes induced by the sintering and therefore the importance of the sintering 
process for the scaffold formation. 
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Fig. 5 The nanoparticle TiO2 layer thickness: 
6.3 m. The TCO layer thickness: 644 nm, 
magnification 17 500× and scale bar 3 m. 

 

 
 

The next layer that can be clearly identified by its different structure and 
secondary electrons brightness is the transparent conductive oxide and has a 
thickness of 645 nm. It should be noted that the vertical channels which appear 
across the whole DSSC cross-section are an artefact of the FIB removal process. 
The TCO layer is followed by the glass substrate layer and the two can be clearly 
distinguished by their brightness. It also shows that the glass composition is not 
homogenous close to the TCO/glass interface. 

More details on the elementary composition of the different layers are provided 
by an EDX mapping of the cross-sectional area. For this, a platinum layer was 
deposited on top of the TiO2 layer, as a conductive, protective layer. Then, the FIB 
technique was employed again to sputter a small gap  through the TiO2 layer, the 
TCO layer and part of the glass layer similar to the process shown in Fig. 4. 
Subsequently, the EDX technique was employed to determine the type of each 
material and the composition of the materials employed (Fig. 6). 
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Fig. 6 (a) SEM imaging of the vertical DSSC cross-section; (b) SEM image 
with superimposed Sn L EDX signal; (c) SEM image with superimposed Ti 
K EDX signal. 

 



    Apart from confirming the layer assignments from Fig. 5, the main result of this analysis 
is that part of the SnO2:F, which composes the TCO layer, is diffusing during the sintering 
process into the TiO2 scaffold but not into the glass (Fig. 6b). 

Fig. 7 shows a compilation of the EDX depth profiles of selected elements (O, 
Sn, Ti, Si) permitting evaluation of their detailed spatial distributions. The figure 
indicates that the diffusion seems to be limited to the Sn of the TCO and cannot be 
found e.g. the Si of the glass substrate, since the Si signal (Fig. 7 (right)) is still 
mostly confined to its original volume. The confinement of the Si as opposed to the 
diffusion of the TCO layer also suggests that the FIB process is not responsible for 
the shown diffusion process into the TiO2 scaffold but the sintering. Further 
evidence for this statement is given by the fact that one can find Sn also on the 
surface of the DSSC (away from the FIB milling) in a low but constant 
concentration. 
 
 

 

 
Fig. 7 Comparison of depth distribution of 
relevant EDX (O K, Sn L, Ti K, Si K) signals.

 

 
 

The Sn (SnO2) diffusion during the sintering process will influence the electron 
transport, thus having side-effects on the performance of the cell. 

It should be noted that other EDX signals were additionally measured for control 
purposes, e.g. the Ga signal to monitor the unwanted Ga deposition caused by the 
FIB process. However these signals have been omitted in the article because they 
have no impact on the discussion. 

4. Conclusions and outlook 

This article has provided detailed evidence for the temperature induced effects of 
sintering on a typical DSSC. During this sintering process the TiO2 layer shrinks 
by a predictable factor, which allows calculating the final thickness of the 
TiO2 layer from its pre-sintered thickness. Furthermore, the EDX analysis 
permitted the retrieval of a signal from the SnO2 which migrates into the 
TiO2 during the sintering process. The chemical state of the diffused SnO2 and the 
effect on the performance of the cell needs further attention because of its 
unknown effect to the overall performance of DSSCs. These effects may not 
necessarily be negative, as reported in literature the photocatalytic activity of 
TiO2 has been increased when using semiconductor coupled systems like 
SnO2/TiO2,16–18 in particular doping the anatase lattice with Sn cations enhances the 
separation of photogenerated pairs.19 Obviously, as reported in literature, higher 
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sintering temperatures cause an excellent removal of organic binders and 
solvents.10 On the other hand the high temperatures cause the transformation of the 
anatase TiO2 into rutile which is undesirable for DSSC performance. Since both 
effects are competing, it comes as no surprise that different authors, depending on 
their precise preparation method and duration of sintering, report ideal maximum 
temperatures between 450 °C–600 °C. 

In order to enable a reduction of the sintering temperature and still remove 
unwanted organics the use of a reductive gas atmosphere has been suggested. 
Another solution might be the chemical deposition of the TiO2 scaffold from 
titanium compounds in organic solvents instead of nanocrystalline suspensions. 
First experiments of the former indicate the feasibility of such procedures at 
temperatures as low as 250 °C, however the current state of these experiments still 
show an inferior efficiency to the here presented DSSCs. 

Additional improvement of the cell efficacy is provided by plasmonic 
enhancement. Some preliminary stages of achievement have already been 
published.20–24 
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