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Band gap states in unfilled mesoporous nc-TiO,:
measurement protocol for electrical characterization
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Abstract. Characterization of intrinsic electrical properties of large surface area
materials like mesoporous nanocrystalline (nc-TiO2), requires to avoid sensor-like
response to external agents. Both an appropriate sample configuration and a suitable
measurement protocol are mandatory. In this work both stack and planar contacts
configuration were studied, the latter giving evidence to be potentially useful for space
charge limited (SCL) current investigations in order to study the band-gap states
(BGS) properties in nc-TiO2. Moreover in absence of a suitable measurement protocol,
standard dye sensitized solar cells (DSSC) electrode films show apparent SCL current
behavior, as consequence of surface electrical transport contribution due to physisorbed
water on the hydroxylated metal oxide large surface area. This feature recalls the
typical results of electrolyte filled systems, in which an exponential distribution of
trap states is reported, and it is not expected to be the intrinsic feature of nc-TiOq
trap states distribution. In absence of adsorbates, no deviation from ohmic regime is
observed in standard electrodes, while in planar configuration samples the SCL regime
is accessible and shows a different BGS signature. The nature of the electrical contacts,
ohmic in the present situation, is also discussed.

PACS numbers: 72.20.-i, 51.50.4+v, 88.40.hj



1. Introduction

Mesoporous nanocrystalline TiO, films represent one of the basic components in Dye
Sensitized Solar Cells [1, 2|, and are extensively employed also in sensors [3, 4] and
heterogeneous photocatalysis [5, 6]. The high impact of the these applications, the
need of materials related to the development of renewable energy sources like the solar
one, and the low cost of raw TiOs, makes titania one of the most investigated oxides
in the last decade [7]. In this context, a thorough electrical characterization of the
TiO5 based materials is a key point of this research line. Several techniques allow for
the synthesis of highly crystalline titania powders for mesoporous nc-TiO films [8].
The basic arrangement of titania nanopowders, when deposed in form of untemplated
thin films, is the large specific surface area of the network of randomly interconnected
nano-crystals [9]. On a similar ground, templated nanostructures exist in which TiO,
structures are ordered at a certain degree [10]. Literature on electrical characterization
of a broad range of systems and devices based on filled porous titania is very rich. As
an example, sophisticated techniques, like impedance spectroscopy have been applied to
DSSC to investigate the electrical properties of their components as separate systems by
means of equivalent circuit models [11], and detailed simulations like TiberCAD allow
to model the electrical properties of complete cells (or their separated components) [12].

It is not surprising that dry TiO, systems are less investigated due to the
challenging task of performing steady state electrical measurements on unfilled porous
structures [13, 14, 15, 16]. The improvement of the experimental characterization of
unfilled porous systems, as a tool to get rid of some complexities due to electrolytes
(liquid or solid) and dyes and for yielding experimental results about mesoporous
titania structures solely, is of great importance and allows for direct comparison with
other experimental techniques. The first step in this direction is to adopt a suitable
measurement protocol. The main issue to be resolved is related to the apparent behavior
induced by adsorbed water. This, commonly called as the Grotthuss effect, is the
basic working principle of metal oxide based humidity sensors, but must be avoided if
interested in probing the intrinsic properties of the material [17].

To better figure out the strong role of adsorbates in TiO, based systems, note
that some authors work, both on theoretical and experimental grounds, on composite
materials in which adsorbed CNTs or Fullerene generate localized states within TiO,
band-gap. These are investigated in order to be exploited to achieve enhancements in
photocatalytic or photovoltaic performances [18; 19, 20, 21].

Moreover, depending on the choice of the sample configuration it is possible to yield
more or less information about the intrinsic properties of the material. In fact, the high
resistivity of the material (of the order of G2 m), poses a limit to the achievable excess
carrier concentration, mandatory to induce a deviation from the ohmic regime, useful to
obtain information about band gap states distribution. In fact the more probed volume
between the electrodes the larger is the overall series resistance of the network. This
would require higher voltage to drive the conduction over the ohmic regime.
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Figure 1. Stack and planar sample configurations. Arrows are indicative of electric
field distribution under bias.

As a first approach, we studied commercial DSSC electrodes as a standard model
to define our measurement protocol. Then we employed a more sophisticated sample
configuration (planar instead of stack) in which it is possible to tailor and control the
contact geometry so to inject higher values for current density through the sample.
This way, intrinsic SCL transport regimes are reached allowing for for band-gap states
investigations [22, 23, 24].

2. Experimental

2.1. Samples preparation

For measurements in stack contact geometry, commercial mesoporous nc-TiO, films
(Dyesol) have been employed. The choice of using commercial samples where available,
was dictated by the need of avoiding as much as possible reproducibility issues due
to sample synthesis. These samples (figure 1-a) consist of FTO glass plates (SnOj:F,
150hm/sq) on which 8 mm x 11 mm porous titania films have been screen-printed, with
no intermediate TiOy compact blocking layer. The colloidal precursor is composed of
20 nm crystals including a certain amount of scattering particles with diameter around
400 nm. The thickness of the nc-TiOs, as confirmed by surface profiling, is about 15 pm.
The samples were used as received with no additional treatments others than rinse with
ethanol before making top electrical contacts.

For the planar geometry configuration (figure 1-b), FTO glass supports of the same
type as before have been used. FTO was scribed in longitudinal direction by means of a
diamond scriber to obtain 3 mm large conductive strips. Focused Ion Beam techniques
were exploited to etch the FTO in transversal direction in order to obtain pm-scale
channels, which interrupted the conductive strip. Then P25 based colloid was deposited
and subsequently sintered at 450 °C for 30 minutes. Titania colloid in this case was hand
made. This way, the electric contacts, both of the same type, were adjoined at 1pm
distance. The thickness of the FTO is around 300 nm with a sharp step profile. The
etched trenches were deeper than the FTO to avoid any leakage current components
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through possible residual FTO. In this case the probed material volume is much smaller
(about 107mm?® instead of 1 mm?).

Even though the nanocrystalline titania present in the two different types of sample
was not the same (though analogue), and both were even multidispersed, it does not
represent a concerning for our discussion. In fact in this work we present a protocol to
face measurement issues that are common to nanostructured TiOy in general.

In stacked geometry, the top contacts onto titania film have been realized by
painting graphite conductive cement (Leit-C carbon adhesive) and colloidal silver paste
(Pelco conductive silver 187) using a plastic mask as stencil template. Silver colloidal
paste was also used to make contact between the top graphite electrodes and small
gauge gold wires. These pastes are both composed by micrometer gauge flat flakes so
the diffusion of electrode material within the porous matrix is reasonably prevented.
The main solvents were xylene and acetone respectively. Producers also declare small
quantities of 4-(trifluoromethyl)-chlorobenzene and traces of ethyl benzene in colloidal
silver paste, and 2-methoxy-1-methylethyl-acetate and ethyl-acetate for the graphite
cement. Conductance test with air dryed and vacuum dryed top contacts, showed that
if any, the effect of residual contamination of these solvents did not affect our results. In
both cases, the connection of the samples to the experimental setup was realized with
small gauge gold wires (AWG 36) bonded on one side to the samples and on the other
to terminal pins on a sample-holder base by means of colloidal silver paste. The stacked
samples were connected to the source-meter by grounding the bottom contact. So, in
direct polarization electrons were injected through the bottom contact (FTO/TiOs).
Planar samples were symmetric.

2.2. Measurement chamber

The measurements were performed into a Janis ST-100 cryostat to minimize and tightly
control the ambient conditions. The chamber was evacuated by means of a standard dry
scroll/turbo pumps configuration. The sample temperature was kept constant (300K)
by a LakeShore 331 temperature controller. The electrical measurements, always in
dark conditions, were performer by means of a Keithley 2410 source-meter in two-wire
configuration.

2.3. Raman spectroscopy

Raman spectra were collected by use of a Madatech i-Raman spectrometer in
backscattering geometry. A 532nm laser was used as the excitation source. All spectra
were collected in air at room temperature.

2.4. Surface profiling

Surface profiling of TiO, films and FTO supports have been performed by means of a
Tencor P-10 stylus profiler.



3. Results and discussion

After the samples preparation and loading into the chamber, they were left to
equilibrate under measurement at OV bias to drain residual trapped charge once
reached the desired ambient conditions. We observed persistent photoconductivity that
introduced apparent features to dark current measurements even after hours for samples
stored under ambient light. This is reported also for another nanostructured metal
oxide as ZnO nanowires [25]. When switching between different pressure conditions
(ambient, scroll pump vacuum, turbomolecular pump vacuum), the samples were left
to equilibrate to the new ambient conditions for at least 24 hours before measuring, as
a consequence for the very long adsorption/desorption kinetics of water. Without this
precaution, subsequent measurements presented reproducibility issues. The fluctuation
of laboratory air humidity (about 35%) at the time of each chamber re-filling by
ambient air did not influence the results as verified by means of cycled repetition of
measurements.

3.1. Nature of electrical contacts

As described in the experimental section, in stack configuration, graphite (silver) paste
contacts were painted onto the samples. Then, the samples can be described as a stack
of TCO/ TiOy /graphite (silver).

The morphology of the painted and bottom contacts has been studied by SEM
directly on the samples and on detached (by adhesive tape stripping) titania film
fragments respectively: the roughness of the bottom surface (in contact with FTO)
is found to be lower than the top surface as can be seen in figure 2 . This has also
been confirmed by surface profiling of bare FTO and TiO, (see figure 3). Additionally
the interface between FTO and nc-TiO, is expected to be smooth and uniform, due to
the size of TiO, nanocrystals, while graphite paste is composed by huge flat flakes and
the interface is likely to be rough. So, even though the two contact materials can be
considered as metallic, the morphological difference may play a certain role.

Given these general considerations, what is really important is the nature of the
two junctions (FTO/TiOy and graphite/TiO;) from the energetic point of view. Our
hypothesis is that under the reported experimental conditions, the contacts are ohmic -
no depletion of TiO45 occurs, on both sides. Electrical characterization in dry conditions
(see figure 5-e and 5-f) supports this consideration because of the symmetric, non-
rectifying behavior within the whole voltage range for stack configuration samples.

Some authors propose different interpretation about the nature of these contacts.
For example O’Hayre et al. [15], working on similar unfilled mesoporous TiOs films,
conclude that the FTO/TiO, is ohmic while the graphite/TiOs is rectifying. Snaith et
al. [26], working on DSSC, conversely support the hypothesis that the Schottky barrier
is present at FTO/TiO, contact. Anyway both groups worked on samples provided of
a compact TiOy “blocking” layer (200 nm) to avoid shorting with respectively the top
contact and the electrolyte. The electronic properties of spray-pirolysis compact layers



Figure 2. SEM micrographs of (a) bottom and (b) top surfaces of titania films
(Dyesol)

are dramatically dependent on deposition parameters (reduction degree) and can be
very different compared to the nanopowders.

We propose a flatband model consistent with these observation based on reported
values [27, 28] in (figure 4). Turrion et al. [29] reported how the general picture of
degenerately doped FTO may be too optimistic. Even though SnOy:F has a donor

3 in presence of a percolated electrolyte the FTO may

concentration N; = 10?2 ecm™
get depleted. The reported situation is certainly far from the present one. Anyway
their model presents an ohmic band bending at the TiOy junction. So even in case of
a non-metallic behavior of FTO at TiO, junction, our model would be still reasonable.
As already pointed out, some tests with different top electrode materials, have been
performed in stack configuration samples. Ag work function is 4.35eV [30, 31], while
it is 4.6eV in the case of graphite [32, 33]. Ag and graphite as top electrode materials
gave analogue results both in air and vacuum, with symmetric and resistive behavior
in dry conditions. This is reasonable because in both cases the work function assumed

for nc-TiOq, 5.15eV | is larger than the graphite and silver ones. To achieve a Schottky
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Figure 3. Surface profiles of (a) FTO surface of Dyesol sample and (b) TiOs top
surface.
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Figure 4. Energy band scheme for the present situation. In all the cases (FTO,
graphite or silver contacts) the assumed Fermi level of TiO4 lays lower than the contact
material one (Ppro = 4.85eV, Ogqp = 4.60eV, Oy, = 4.35¢V w.r.t. vacuum energy
level).
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like junction, a metal with a larger work function, like Au would be necessary [34, 13].

3.2. Current-Voltage characteristics

Plots in figure 5 report current-voltage characteristics (I-V) for “standard” commercial
films in stack configuration. The measurements in direct and reverse polarizations
were preformed separately, always from low to high voltage values, to ensure the same
measurement history for each sample. The first information that can be extracted is
about the response of the system to bias voltage for different surface conditions. When
comparing figures 5-b to 5-d, it appears clear that we are dealing with different transport
processes expecially in air. Conversely, only a weak dependence of the I-V curves on
the vacuum level is observed, compare figures 5-¢ and 5-e or 5-d and 5-f.

Moreover, when looking at different settling times, this fact clearly emerges (see
empty squares data in figure 5-b). At a settling time of at least 100 seconds is necessary
to yield a meaningful I-V characteristics and to distinguish between the behaviours in
ambient air and in dry conditions. We attribute these features to the physisorbed water
on the naturally hydroxylated TiO, surface. In fact, at RT and P = 3.5 x 10~° mbar,
desorption of hydroxyl groups from the TiO, surface is excluded, while it is expected
to happen for the majority of the condensed and physisorbed water within the porous
matrix. This suggests the existence of a preferential transport path on the titania
surface which prevents the observation of the intrinsic material properties for samples
in ambient air. In particular the immobile monolayer of physisorbed water on the
hydroxylated surface, allows electron tunneling between water donor states and provides



a preferential hopping path to injected carriers [35, 36, 37].

Note that this charge carrier hopping does not occur through the intrinsic localized
states distribution of TiO, due to its defective and oxygen deficient nature, or induced
by adsorbates, but indeed through the adsorbed species. This enhanced conductivity
in presence of water, is also favoured by shunting of grain-grain barriers (the main
contributors to series resistance) by carriers hopping through adsorbed water donor
states. As a side consideration, the electron scavenging action of adsorbed ambient
oxygen on TiO,, can be elucidated by measurements in dry air [38]. As verified by
filling the chamber with dry air after sample dehydration, i.e. in minimal presence of
adsorbed water but in presence of adsorbed oxygen, the conductivity is even lower than
in vacuum, the opposite situation with respect to humid air.

Once the chamber is evacuated of ambient air and the sample is dehydrated, in
primary vacuum conditions (figure 5-¢ and 5-d), the injected charge flows through
another transport path, related to more intrinsic titania properties. Several works report
that surface hydroxyls groups in absence of adsorbed water introduce deep electron trap
states within the bandgap (1.2-1.6 eV from conduction band minimum, CBM) than the
shallow ones introduced by Oj vacancies (<1eV from CBM) [39, 40, 41], and far from
the Fermi level, reported to be 0.7 eV below CBM in reduced nc-TiOy [28]. In this
picture the OH-induced localized states are deep states below to Fermi level, and in
first approximation do not contribute to charge transport. So surface hydroxyls, even
though present on the surface, do not dramatically affect the trasport mechanism if
compared to Vo-induced Ti*t centers, and our measurements can be considered to
probe only the latter ones.

These have been theoretically predicted and experimentally reported by many
authors as shallow levels, affecting in a dramatic way charge transport by providing
additional states with fast trapping de-trapping kinetics [41, 42, 43, 44, 45, 46]. The
asymmetric nature of the contacts is also evident when looking at the figure 5-a and 5-
b. So presence of the surface enhanced transport path mentioned above, the limiting
factor becomes carrier injection, while, in vacuum, the insulating nature of the porous
metal oxide plays as a bottleneck and hides the effect of contact asymmetry. Tests with
top contacts of different sizes supported the hypothesis that the nature of contacts is
relevant only in presence of shunt current due to adsorbates. In vacuum the current
scales correctly (linearly) with the geometric area top contact and the I-V characteristics
remain symmetric and ohmic.

In order to definitely point out the importance of the adopted measurement
protocol, the trends of the current flowing through the samples at a bias of 5V in both
polarizations are summarized as a function of settling time in figure 6. Even in vacuum
(figure 6-b and 6-c), i.e. in dry conditions, the drift with time in the I-V is still present
and influence in some way the shape of the curve, as it is common for disordered media
characterized by long relaxation times [47|. The magnitude of such drift is hovewer fair,
if compared with the one reported in figure 6-a, and the measurements can be considered
unaffected by external contributions due to adsorbates.
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Figure 6. Current at 5 V bias as a function of measurement settling time. Air (a),
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We must stress that the simple fact of leaving the samples in vacuum for 24 hours
(or more) does not mean that all the physisorbed water would desorb. Moreover at the
vacuum level that can be reached by our set up 3.5 x 107% mbar background water in the
chamber is still present. Even after a degasing treatement at temperatures higher than
RT (up to 380K) the response did not change at a consistent extent. So in that range
the surface could be considered in stable conditions. A way to obtain a better drying
of the oxide surface could have been annealing the samples at higher temperatures. As
reported in figure 7 a thermal treatment at higher temperatures, 450K for 1h in vacuum
in this case, led to a dramatic change in material properties. In particular annealed
sample Raman spectrum (b) features a large phototuminescence band centered around
1750 cm ™ that is not present in the untreated one. In the figure inset are reported the
current-voltage characteristics for the same samples. Oxygen deficiency is the primary
cause of n-type behavior of TiO, and we assign the larger conductance of heated sample
(b) to a larger concentration of oxygen vacancies due to annealing. Moreover oxygen
vacancies cause photoluminescence in nanocrystalline anatase [48] which is confirmed
by Raman spectra. Linear fits on double logartithmic scale for the data reported in
figure 7-inset serve as a check for the ohmic behavior at low voltages. The fitted slopes
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Figure 7. Main plot shows Raman spectra of (a) untreated and (b) vacuum annealed
(3.5 x 1075 mbar, 450K for 1h) titania film (Dyesol). In the inset are reported the low
voltage characteristics in vacuum, before and after the annealing, for the same sample.

are respectively 0.960 + 0.018 and 1.130 4= 0.005 for the untreated and annealed samples.
So the regime is not perfectly ohmic, but given the complex nature of the interfaces, and
the huge deviations in slopes at the SCL regime onset at higher voltages, it is reasonable
to consider this as the ohmic regime.

It can be now stressed how a suitable measurement procedure reveals the limits
set by this sample configuration. The electrical characterization of samples with
working electrodes in sandwich configuration, is in fact limited by some issues. The
high resistivity of titania [16, 14] implies very large series resistance for 15pum thick
nanoporous samples in stack configuration. Hence very large voltage values are
mandatory to achieve high injection rates, in order to rise the Fermi level and influence
the contribution to transport of the band gap states. In fact in dehydrated stacked
samples, no onset of SCL regime is observed, even up to 15V bias voltage. On the other
hand thin samples (less than 1 pm) are exposed to short circuit issues unless a blocking
compact TiO, layer is present. Such a blocking layer would introduce an additional
complexity due to the presence of new interface structures between FTO and nc-TiOs.

We observed instead some deviation toward SCL behavior in the planar sample
configuration (see figure 8). This means the injected carrier concentration is now high
enough to reach a trap filling regime also in vacuum. The transition from a slope of 1 to a
slope of more than than 2 is the signature of an exponential trap distribution [22, 23, 49].
Note that in air, the effect of adsorbed species is still observable, consistently with former
samples even though the effect is reduced because of the smaller probed volume (compare
empty triangles in figure 8 and figure 1-b).

In summary the presence of adsorbates on mesoporous TiO, yields a band gap
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Figure 8. I-V characteristics of planar configuration sample. In air (trinagles) and
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regime in vacuum. This measurement configuration allows for resolving BGS features
in both wet and dry conditions. All curves are related to 1000 s/pt measurements.

states signature compatible with the ones obtained on filled DSSC (exponential traps
distribution) but it is not an intrinsic property of the semiconductor, while, in dry
conditions, even though the titania surface is not absolutely “clean”, the BGS signature
is still compatible with an exponential BGS distribution, but with different properties.
This means that by this measurement technique proper quantitative result about TiO,
electronic properties could be obtained (trap concentration, effective mobility).

Although hydroxylated titania is not a completely intrinsic system, and avoiding
thermal treatments could limit the dehydration of the surface, by the application of
a suitable measurement protocol and sample configuration, the obtained results are
surely more related to its intrinsic properties rather the ones obtained in more complex
systems.

Different samples of the same commercial stock (Dyesol) confirmed the
reproducibility of the results, I-V measurements on P25 based samples (same contact
geometry and similar dimensions of Dyesol ones) are in total agreement with data
from commercial TiOy films. A conclusion corroborated by SEM micrographs which
confirmed analogue porous morphologies. This similarty is also consistent with the
results obtained from the measurements on planar geometry samples, also P25 based,
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although in this case the planar samples behaved as less sensitive to measurement history
and variation of ambient conditions, an effect that can be tentatively ascribed to the
smaller titania probed volumes.

4. Conclusions

Our results highlight experimental issues of primary concern when interested in electrical
characterization of mesoporous nc-TiOs, that are not always evident in literature.
The choice of longer settling times allowed to explicitly discriminate residual charge
transport contributions from adsorbed water. Under suitable sample surface conditions
and measurement settling times we had access to a more intrinsic electrical behavior
(both magnitude and shape of I-V) of the mesoporous electrodes. Our tests on a
different sample configuration made possible to go beyond the ohmic regime and to
get information about localized states in a regime of space charge limited current. This
configuration probes a smaller volume of titania avoiding the large series resistance of
typical DSSC electrodes while eliminating the problem of shorting in very thin stack
samples and consequently the presence of an additional compact TiO, blocking layer
between FTO and porous titania. It must be stressed that the present planar geometry
is not the common coplanar electrode configuration but it yields volume information.
The possible compromise between thermal treatment and stoichiometric stability in
mesoporous titania should be deeper investigated, for this reason our measurement
protocol does not include sample annealing at the moment. Finally the shape of the I-V
of the planar sample geometry indicates that the localized states distribution measured
on dry samples may be substantially different from the one present in the electrolyte
filled porous systems. This results represent also a connection between experimental
investigations of filled porous systems and theoretical studies on clean-surface TiO,. It
will also be fundamental to investigate in depth different band gap states signatures
in presence of different probe adsorbates, in order to clarify the interaction between
pore-filling species and TiO, transport properties.
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