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ABSTRACT
The temperature- and frequency-dependent ac conductivity of nanoporous metal-oxide semiconductors commonly
used in technologies for solar photoconversion is analyzed using a model based on fluctuation-induced tunneling
conduction (FITC). The model takes into account the potential barriers at the regions of nanoparticle contact
that limit electron transport. In contrast to previous models, quantitative agreement is found with the FITC
model with a single set of parameters over the entire temperature range studied. Guidelines for the design of
new materials for dye-sensitized solar cells (DSSCs) and solar photocatalysis are discussed.
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cells

1. INTRODUCTION
The discovery of low-cost high-efficiency dye-sensitized solar cells (DSSCs) (i.e., exceeding 10% solar-to-electric
energy conversion efficiency) exploited the large surface area of nanoporous thin films made by sintering TiO2
nanoparticles (≈ 50 m2 /g).1–3 When sensitized with dye molecules, these nanoporous films yield photoanodes
with large optical density and therefore high light-harvesting efficiency.4, 5 Methods to enhance electron injection
into the TiO2 conduction band have been found, including filling the nanopores with electrolyte solutions containing two-electron redox couples (e.g., I− /I3− ) that efficiently regenerate the photooxidized dye adsorbates and
transport holes to the cathode. In addition, Lewis-base adsorbates such as terbutyl pyridinum have been found
to passivate the exposed (non-sensitized) TiO2 surface, suppressing recombination of the photoinjected electron
with redox species in solution. However, charge recombination and trapping are still thought to be efficiencylimiting factors since the conductivity of TiO2 films is rather low (σdc ≈ 10−13 Ω−1 cm−1 ),6 much lower than
the conductivity of TiO2 single crystals (σdc ≈ 10 Ω−1 cm−1 ),7, 8 and thus the transport time of an electron
percolating through a typical few-micron TiO2 film is significant (≈ 1 − 10 ms).9, 10 Therefore, the outstanding
challenge is to understand the phenomena that limit electron transport18 and obtain guidelines for optimizing
the conductivity of nanoporous thin films without increasing the recombination rate. To ensure efficient charge
carrier collection, the electron transport time through the TiO2 film should be significantly shorter than the
average recombination time.
Despite nearly two decades of intense research in DSSCs, there is no generally accepted model to describe
charge transport in nanoporous TiO2 . Trapping/detrapping mechanisms similar to those commonly used for
amorphous silicon19 were initially found to be in agreement with transient measurements of photogenerated
electrons in DSSCs.11, 12 However, more recent studies have raised concerns due to the significant discrepancy in
the distribution of traps determined by different experimental techniques13, 14 and the much weaker temperature
dependence of the diffusion coefficient than expected.13, 15 In addition, the models that involve multiple-trapand-release (MTR) of charge carriers in an exponential distribution of traps or variable-range hopping (VRH)
between defects both predict a temperature dependence of the form ln σ ∝ T −α , with α = 1/4 for MTR16
and α = 1/4 for VRH.17 These models are therefore have a limite range of validity since they are unable to
account for the saturation of σdc at low temperatures observed in this work (Fig. 1) and elsewhere6, 18–21 without
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Figure 1. Temperature dependence of the DC conductivity of the SnO2 sample. Solid lines illustrate the FITC model
fitting. The corresponding fitting parameters are listed in Table 1.

relying on multiple parallel mechanisms. These data are consistent with recent transient absorption spectroscopy
studies of bare and dye-sensitized nanocrystalline TiO2 films show that the recombination rate follows the same
temperature dependence as σdc .22
We recently reported dark DC conductivity measurements of nanoporous TiO2 films over a wide temperature
range (T = 78 − 335 K) and demonstrated a good agreement with the FITC model,6 in which the transport
is determined by tunnelling conduction through contact junctions connecting sintered nanoparticles. The FITC
model predicts temperature-independent conductivity reflecting simple inelastic tunnelling at low temperature
that makes a gradual transition to thermally activated behaviour at high temperature. For typical TiO2 thinfilm dimensions and preparation conditions, the asymptotic low-temperature conductivity is small (σdc ≈ 10−13
Ω−1 cm−1 ) and therefore difficult to measure. In fact, most conductivity measurements reported to date have been
limited to the high-temperature regime where the Arrhenius prediction of the FITC model is indistinguishable
from models solely based on thermally activated processes. It is therefore not surprising that the FITC mechanism
has been largely overlooked. In this article, we show that the FITC theory can be extended to quantitatively
describe dark AC conductivity measurements in nanoporous SnO2 films. These results suggest that the FITC
mechanism is responsible for electron transport in a wide variety of nanoporous metal-oxide materials that share
the same electrically inhomogeneous microstructure.

2. CONDUCTIVITY IN NANOPOROUS METAL OXIDES
2.1 Power-Law Dependence of the AC Conductivity
The total measured AC conductivity can often be separated into frequency-dependent and DC components and
expressed as
σ (ω) = σdc + σ " (ω) ,
(1)
where σ " (ω) is the frequency-dependent component of the total conductivity σ. In a wide variety of disordered
materials, including the systems studied in this work, σ " (ω) has a power-law form,?, 23, 24
σ " (ω) = cω s ,

(2)

where both the power-law coefficient c and exponent s have temperature and frequency dependences that are
indicative of the underlying charge transport mechanism. The functional form of these parameters have been
derived for many different models based on quantum mechanical tunneling or hopping cases. For example, the
VRH model predicts a temperature-independent though frequency-dependent s with a value of 0.8 for a typical
characteristic relaxation time of 10−13 s−1 and a frequency of 10 kHz.24 The correlated barrier hopping model
also has a frequency-dependent s, though its value tends toward s = 1 as T → 0 K.?

2.2 Low Frequency / DC Conductivity
Building upon FITC models previously applied to describe conductivity in other systems of comparable microstructure,6, 25–27 we model the TiO2 thin films as networks of contact junctions where noncrystalline TiO2
regions connect the crystalline anatase centers of TiO2 nanoparticles (see the SEM images in ?? and the representations depicted in ??). The tunneling rate across a junction depends on the effective area A at the region
of closest approach between crystallites, the effective tunneling width w of the noncrystalline region of the junction, and the zero-field barrier height ϕ0 , which is primarily the result of the conduction-band offset between the
crystalline and noncrystalline TiO2 phases.
With typical junction parameters (e.g., A ≈ 50 nm2 , w ≈ 3 − 4 nm; see Table 1) and a static dielectric
constant of εr ≈ 20 inside the junction, the effective junction capacitance C = εr ε0 A/w is very small (on the
order of 10−6 pF). Therefore, thermal fluctuations in the density of the free electrons near the junction generate
strong voltage fluctuations VT with %VT2 & = kB T /C, where kB is the Boltzmann constant. Upon averaging, these
fluctuations can increase the tunneling probability by effectively reducing the width and height of the barrier due
to the superposition of the applied and thermally generated electric fields. Note that the resulting Boltzmann
distribution P (E) = (a/πkB T )1/2 exp(E 2 /kB T ) of thermally generated electric field fluctuations ET = VT /w, has
a width related to the charging energy Ec = CVT2 /2 = aET2 required to displace the capacitor from equilibrium,
where a = εr ε0 Aw/2.
The resulting fluctuation-induced tunneling conductivity of the TiO2 thin film is
σdc (E) =

γ %jdc (E)& A
,
tV

(3)

where t is the thickness of the sample, V is the voltage across the junction, γ is the sheet-conductance proportionality constant,28 and %j (E)& is the thermal average of the net current density j (E) in the direction of the
applied field:6, 27
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where h̄ is the reduced Planck constant, m is the charge carrier mass, q is the electron charge, χ = 2mϕ0 /h̄2
is the tunneling constant, the dimensionless temperature-dependent parameter is given by T " = 2χwηkB T /ϕ0 ,
and ϕm is the maximum in the field-corrected barrier. The dimensionless parameters ξ and η are field dependent
and originate from the first two terms in a power series expansion of the exponent of the transmission coefficient
under the WKB approximation.29 The conductivity as expressed in Eqs. 3 and 4 is more explicit than the
low-field, low-temperature approximation σ ≈ σ0 exp [−T1 / (T0 + T )] frequently used in the literature, where σ0 ,
T0 and T1 are temperature-independent parameters. This simplified expression has a limited range of validity
and does not give accurate junction parameter values.
Both the Arrhenius and temperature-independent regimes in the observed fluctuation-induced tunneling
conductivity are described by 4. Each of the four terms in curly brackets includes a forward current density
component in the direction of the applied electric field and a backflow current density in the opposite direction.
The first term is the net current density in the low-temperature limit, with an abrupt change in the density
of states at the Fermi energy, while the other terms are corrections obtained by expanding the Fermi-Dirac
distribution to first order in temperature. The second term corresponds to the correction to the density of
occupied states below the Fermi energy. The third term is the net current density due to electrons in the
exponential tail of the distribution above the Fermi energy that are higher in energy than ϕm and are assumed
to have a transmission coefficient equal to one (i.e., thermal activation over the barrier). The last term in curly
brackets is the net current density of electrons at energies above the Fermi energy with a transmission coefficient
less than one (i.e., thermally activated tunneling).

3. EXPERIMENTAL METHODS
We performed AC impedance and DC resistance measurements on sintered SnO2 nanoparticle films. Nanoparticles with diameter of 22-43 nm where purchased from Alfa Aesar (Tin (IV) oxide, NanoArc). Nanoparticle
sludge was prepared from 1.1 g of nanoparticle powder and 1 ml of distilled water by mixing with pestle and
mortar and subsequently was spread onto a bottom electrode between two fiberglass spacers, which are 200 ±
4 µm thick with measured resistance > 200 TΩ. Immediately thereafter, the top electrode was applied, and
the sandwich was clamped together with screws. The sample was dried for 1 week at room temperature and
then annealed in air at 450 ◦ C for 40 minutes, the typical sintering conditions used for SnO2 in DSSCs.?? The
sample electrodes were high chromium content stainless steel (grade 309). For temperature-dependent DC and
AC resistance measurements, the SnO2 sample was loaded (after being kept for 20 days at room temperature)
in a cryostat (Janis ST-100) and kept in the dark under vacuum (< 10 mTorr). A Stanford Research Systems
SR570 low-noise current preamplifier was used to measure the current that passes through the sample in a
two-terminal measurement. The applied bias voltage was 0.2 V, and the sample displayed a linear I-V curve at
room temperature at bias voltages up to 1 V. AC impedance was measured in the 0.3 - 30000 Hz range using a
Stanford Research Systems SR830 digital lockin amplifier using the AC bias of 0.25 and 1 V.

4. RESULTS AND DISCUSSION
Figure 2(a) shows the frequency dependent conductivity as a function of temperature recorded on day 1 of
measurements. The conductivity clearly displays a low-frequency region where it is equal to the measured
DC conductivity and is independent of frequency. At low tempetrature and high frequencies, the power law
dependence is also clearly observed. The solid lines in Fig. 2 illustrate a least-squares fit using the power
law of equations (1) and (2). Figure 3 shows the temperature dependence of parameter c extracted from the
least-squares fit for several measurement days. The parameter s was kept constant in the fits, as the rather
narrow frequency window for the power law dependence prevented us from a detailed study of its temperature
dependence. Such study of the power law parameter behavior will be the subject of a separate publication. In
this article, we discuss the temperature behavior of the DC conductivity in SnO2 films and show that it is well
described by the FITC model.
Table 1. Nanocrystallite diameter dnc measured by XRD and FITC model fitting parameters used for samples A and B
in Fig. ??. A, w, and ϕ0 are the effective area, width,
and zero-field barrier height of the junction, respectively, and dj
!
is the effective junction diameter given by dj ≡ 2 A/π.

s

ϕ0 (meV)

w (nm)

A (nm2 )

dj (nm)

Sintered SnO2 nanoparticle film

Day 1

1.23

166

3.13

5.58

2.67

Sintered SnO2 nanoparticle film

Day 9

1.13

137

3.68

44.2

7.50

Sintered SnO2 nanoparticle film

Day 11

1.09

113

3.49

11.6

3.83

Sintered SnO2 nanoparticle film

Day 20

DC only

102

3.43

29.7

6.14

Figure 1 shows the temperature dependence of the DC conductivity on several measurement days spanning
a 20-day period. Figs. 2(a)-(c) also show the evolution of the frequency dependent conductivity between days
1 and 11 of measurements. The conductivity of the sample steadily grows with time and saturates after 2025 days (Fig. 2(d)). Such aging of the sintered SnO2 film is hardly surprising, as it is well known that the
nanoporous semiconductor films are highly sensitive to the environment due to their large surface areas, a fact
famously exploited in sensor applications.30, 31 We ascribe the aging to a slow adsorption of contaminants on
the surface of our nanoporous SnO2 sample, even though at present we cannot pinpoint which contaminant
dominates the conductivity drift. As we show in the following paragraphs, the effect of contaminant adsorption
is well understood in the framework of FITC.
The application of the FITC model to DC transport in nanoporous TiO2 was desribed in detail in our previous
work.6 We treat the nanoporous film as a resistor network where each resistor represents a tunneling junction
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Figure 2. (a), (b), and (c): Frequency-dependent AC conductivity of the SnO2 sample as a function of temperature
measured on days 1, 9, and 11. Solid lines illustrate power law fits to equations (1) and (2). (d): Drift of the DC
conductivity over the course of 28 days of measurement.
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Figure 3. Temperature dependence of the power law parameter c, equation (2).

between sintered nanoparticles. The tunneling junction is created during sintering, when the amorphous shells of
the crystalline nanoparticles fuse together to form a necking region.6 The nanoparticle network is modeled by a
triangular network of resistors, and a series of equivalent circuit transformations is carried out numerically until
the whole network is replaced by single resistor with proportional to that of a single tunneling junction between
nanoparticles. The temperature dependence of the single junction resistance is in turn described by the FITC
model. We find that the measured conductivity is well described by the model at all stages of sample aging. The
results of FITC model fitting are shown by solid lines in Fig. 1, and the fitting parameters are listed in Table 1.
The parameters include the potential barrier height at the junction ϕ0 , the junction width w, and the area A and
the diameter dj of the junction connected by A = πd2j /4. We find that the junction width w does not change as
the sample ages, which speaks against a slow ”flow” or physical rearrangement of the nanoparticles. We observe
no systematic change in junction diameter dj . The large spread in the obtained values of dj results from a low
sensitivity of the FITC fitting procedure to parameters dj and A compared to w and ϕ0 : the tunneling current is
merely proportional to A, while it depends exponentially on w and ϕ0 . This also highlights the main observation
of Table1 - a systematic lowering of the tunneling barrier ϕ0 as the sample ages. This is consistent with the
continuing contaminant adsorption on the surface of SnO2 nanoparticles during aging. The adsorption can result
in midgap electronic states in the necking region that effectively lower the tunneling barrier.
Our DC resistance measurements on sintered SnO2 nanoparticle films show that the FITC description of
electronic transport may have a broad applicability for mesoporous oxide semiconductor DSSC electrodes. ...
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