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Temperature dependence of the electron diffusion coefficient in electrolyte-filled TiO,
nanoparticle films: Evidence against multiple trapping in exponential conduction-band tails
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The temperature and photoexcitation density dependences of the electron transport dynamics in electrolyte-
filled mesoporous TiO, nanoparticle films were investigated by transient photocurrent measurements. The
thermal activation energy of the diffusion coefficient of photogenerated electrons ranged from 0.19-0.27 eV,
depending on the specific sample studied. The diffusion coefficient also depends strongly on the photoexcita-
tion density; however, the activation energy has little, if any, dependence on the photoexcitation density. The
light intensity dependence can be used to infer temperature-independent dispersion parameters in the range
0.3-0.5. These results are inconsistent with the widely used transport model that assumes multiple trapping of
electrons in an exponential conduction-band tail. We can also exclude a model allowing for widening of a band
tail with increased temperature. Our results suggest that structural, not energetic, disorder limits electron
transport in mesoporous TiO,. The analogy between this material and others in which charge transport is

limited by structural disorder is discussed.
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I. INTRODUCTION

Porous semiconductors can have remarkable properties.
Perhaps the best known recent example is porous silicon,
which luminesces strongly when homogeneous crystalline
silicon does not."> For some porous silicon structures pre-
pared by electrochemical etching of a single crystal, the
length scales of the porosity include nanometer-scale ele-
ments that apparently confine electrons and holes long
enough to permit luminescence at wavelengths consistent
with quantum size effects. The material also has a backbone
of larger elements that permits macroscopic electrical trans-
port. A second remarkable example of a porous semiconduc-
tor is porous titania, which is the basis of an efficient, dye-
sensitized solar cell.>* In this material, a mesoporous TiO,
film is prepared by sintering of titania particles with a typical
diameter around 20 nm. The pores are then filled with an
electrolyte or a conductive polymer. The resulting, bicontinu-
ous porous material separates the transport pathways of elec-
trons from their countercharges (ions or holes). This separa-
tion is valuable for solar cell applications since it inhibits the
recombination of photogenerated electrons with the counter-
charges.

These two classes of porous semiconductors are based on
crystalline materials. However, for both classes, the porosity
is associated with significant disorder that, for example,
greatly reduces charge carrier mobilities or diffusion coeffi-
cients from the values in the underlying crystals.>~” This type
of disorder is an interesting if little explored aspect of the
enormous subject of transport in highly disordered, nomi-
nally homogeneous systems. Research on electronic proper-
ties of porous materials includes theoretical work on quan-
tum percolation,® ' which applies when porosity has an
atomic length scale, and studies of Coulomb-blockaded
semiclassical transport on porous lattices that reveals analo-
gies with phase transitions.'!"!13
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In the present paper, we study the diffusion of photoge-
nerated electrons in mesoporous titania. The electrolyte,
which fills the pores, is not only essential to the application
of this material in solar cells, but also appears to passivate
defects that greatly retard electron transport in “dry” meso-
porous titania.'* Technically, diffusion of electrons in the
electrolyte-filled material is ambipolar,>!> meaning that the
mobile electrons in titania carry a cloud of countercharges
(cations) in the electrolyte. This is a well-known phenom-
enon in the diffusion theory of electrolyte solutions.!® Be-
cause the electron density in TiO, at typical illumination
intensities (e.g., one sunlight intensity) is more than two or-
ders of magnitude lower than the density of mobile ions in
the electrolyte, the ambipolar diffusion coefficient and the
electron diffusion coefficient are essentially equal.®!718

The largest group of experiments on electron diffusion
involves measurements of transient photocurrents in the solar
cell configuration, which incorporates a bottom, electron-
collecting electrode and a top, countercharge-collecting elec-
trode in contact with the electrolyte. There are two principal
features revealed by these measurements. First, electron dif-
fusion is Gaussian in its dependence on time and distance,
which simply means that these measurements can be de-
scribed adequately using a conventional diffusion coefficient
D.%1920 Second, the electron diffusion is quite nonlinear in
the electron density N, increasing with N as expressed by the
power law D(N) o NP.61521-24 Also, the diffusion coefficient
depends both on the details of the preparation of mesoporous
titania and on subsequent sample treatments.”?

As has been noted in many of the earlier papers,
these aspects of the diffusion measurements over the range
of light intensities or open-circuit photovoltages investigated
are consistent with an “exponential conduction-band tail
multiple-trapping” model; the properties of this model are
well-known owing to its extensive application to amorphous
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silicon.’®3" The exponential conduction-band tail (CBT)

model assumes the existence of a “transport edge” E- within
the electronic density of states g(E) of the conduction band.
Electrons occupying states above the transport edge are as-
sumed to have a well-defined electron diffusion coefficient
Dy; this edge plays the same role in the multiple-trapping
model as does the ordinary conduction-band edge in a homo-
geneous crystalline material. Electrons occupying the
“traps” below E. are assumed to be localized, and the
distribution of trap energies over the region spanned by the
quasi-Fermi level is assumed to be exponential’® g(E)
=gc expl(E—E¢c)/mc], where mc is the slope or characteris-
tic energy of the distribution. Such an exponential distribu-
tion is a plausible consequence of disorder.??

This multiple-trapping model predicts non-Gaussian (or
dispersive) diffusion in the limit of low trap occupancy.’* In
the case of Gaussian diffusion, the mean square displacement
of a diffusing carrier obeys (x*)ot, whereas for dispersive
transport the corresponding relation is (x?) % where « is
the “dispersion parameter.” For electrolyte-filled mesoporous
titania, optically detected photocarrier recombination has
been used to infer a dispersion parameter a=0.37.* For
band tail multiple trapping, a=kgT/mc (where kg is Boltz-
mann’s constant and T is the temperature), which for the
reported value of « yields mc-=68 meV.

As noted above, dispersion is not directly evident in pho-
tocurrent transient measurements. However, the measured
Gaussian diffusion and photocharge density-dependent diffu-
sion have been successfully explained by incorporating trap
filling within multiple trapping; for a multiple-trapping
model, the dispersion parameter is related to the density-
dependence exponent B by a=1/(1+p). Typical values
of 8 range between 1 and 2,%'>33 corresponding to disper-
sion parameters 0.3-0.5 and conduction-band tail widths
50-80 meV.

Notwithstanding these successes, the evidence for an
exponential-band tail in electrolyte-filled mesoporous titania
is not conclusive. There have been no optical absorbance
measurements that indicate an exponential-band tail of the
same width suggested by these transport experiments.
Single-crystal anatase TiO, exhibits an Urbach (exponential)
absorbance tail with a temperature dependence that is con-
sistent with excitonic effects.>* These measurements can be
used to infer that the width of the exponential-band tails (in
single-crystal anatase) is much less than the 50-80 meV val-
ues inferred from diffusion measurements in the much more
disordered, mesoporous material. Urbach tails cannot be
readily measured in dye-sensitized cells. In nonsensitized,
air-filled materials, an Urbach tail width of 78 meV at room
temperature is reported.?” It is not clear how this tail width is
distributed between excitonic effects and band tails, and it
would be quite interesting, indeed, in the context of the
present work, to measure the temperature-dependent Urbach
tails in such materials.

The exponential-band tail model implies a strong tem-
perature dependence of diffusion. The model also predicts
that the activation energy of the electron diffusion coefficient
should depend strongly on the photoinduced charge density
as discussed below. However, there have been no direct mea-
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surements to test either prediction. The combination of spec-
tral and temperature-dependent measurements were central
to the acceptance of the exponential-band tail picture for
amorphous semiconductors.3%3

In the present paper, we present such temperature-
dependence measurements of the electron diffusion coeffi-
cient in several samples of electrolyte-filled mesoporous ti-
tania. These measurements are summarized by the
phenomenological expression

D(T,N) = Do(NIN)P exp(— E o /kgT), (1)

where B, N¢, and E, are fitting parameters. This expression
is shown to be inconsistent with the temperature dependence
for D(T,N) predicted by the exponential-band tail multiple-
trapping model in two respects: (a) the activation energy E,
does not depend on the electron density, contrary to the pre-
dicted logarithmic dependence of E, on N, and (b) the dis-
persion parameter « calculated from B has negligible tem-
perature dependence, instead of the proportionality to
temperature predicted by the exponential-band tail model.

This negative result—that the exponential-band tail model
is inconsistent with temperature-dependent electron diffusion
measurements in mesoporous titania—is the most significant
conclusion of the present work. We have also ruled out the
extension of this model that allows for a temperature-
dependent or energy-dependent band tail width m¢. Electron
diffusion in mesoporous titania is thus qualitatively similar to
nanoporous silicon, which is certainly the best-studied po-
rous semiconductor. Samples of porous silicon also exhibit
dispersive transport for both electrons and holes, and the
measured temperature dependence is again too weak to be
consistent with band tail multiple trapping.’ Temperature-
independent dispersion is actually fairly common in poly-
meric and organic semiconductors.3%3’

We do not presently have a theory to explain the features
of electrical transport in these porous materials. The early
work on dispersion by Scher and Montroll*® envisioned
weakly temperature-dependent transport as one possibility
for a continuous-time random walk (CTRW). Historically,
the observation of temperature-independent dispersion has
typically led to the conclusion that transport is dominated by
“structural” as opposed to energetic disorder. An elementary
model of energetic disorder is band-tail trapping. We are un-
aware of a comparably elementary model for predominantly
structural disorder.

II. EXPERIMENTAL METHODS

Mesoporous TiO, films were prepared as detailed
elsewhere.!> A thin compact TiO, buffer layer was deposited
on the conducting glass (TCO; F:SnO,; 8 }/sq) prior to
depositing the TiO, nanoparticle film. The resulting annealed
films were about 7 um thick with a porosity of about 60%.

Cells with nonsensitized and sensitized TiO, films were
prepared for charge transport measurements. The nonsensi-
tized cells also contained a Pt foil counter electrode and an
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FIG. 1. Photocurrent transient for a nonsensitized TiO, nanopar-
ticle film in 0.1 M TBACIO,/ethanol, induced by 337 nm laser
pulses. The inset shows the collected charge determined from the
time integral of the photocurrent.

Ag/AgCl wire reference electrode. These cells were filled
with 0.1 M tetrabutylammonium perchlorate (TBACIO,) in
ethanol. The edges of the working electrodes were covered
with TorrSeal resin to prevent contact of the conducting glass
substrate with the electrolyte. Excitation of photocarriers in
nonsensitized TiO, occurred by UV laser pulses (337 nm, 3
ns duration) from a nitrogen laser incident on the outermost
surface of the film. The temperature of the cell was thermo-
statically controlled between 263 and 318 K. Potential con-
trol was obtained using an EG&G model 283 potentiostat,
and transients were recorded with a digital oscilloscope. All
transient photocurrent measurements were performed at
0V vs Ag/AgCL

Dye-sensitized TiO, solar cells were prepared as
detailed elsewhere.® The cells were filled with a high-
boiling point (119 °C) electrolyte (0.8 M 1,2-dimethyl-3-
hexylimidazolium iodide and 50 mM I, in methoxyacetoni-
trile). The sensitized TiO, cell was probed with 670 nm laser
pulses (3 ns duration) from a nitrogen-pumped dye laser. The
670 nm light is only weakly absorbed by the dye and, there-
fore, provides a relatively uniform photocarrier density
across the TiO, film. Transient photocurrents were measured
at short circuit with a digital oscilloscope through a current
preamplifier. The cells were mounted on a cryostat for tem-
perature control. In both sample arrangements, the laser
pulse intensity was varied using neutral density filters.

III. RESULTS

Figure 1 shows a typical photocurrent transient of the
nonsensitized TiO, film produced by a 337 nm laser pulse.
Because anatase TiO, (3.2 eV band gap) absorbs strongly at
337 nm, electron-hole pairs are generated in a narrow
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(<1 wm) spatial region near the outermost surface of the
TiO, nanoparticle layer. Some photogenerated electron-hole
pairs will recombine, while others escape recombination be-
cause of the hole reaction with the solvent, a process occur-
ring in the nanosecond regime.?° The surviving electrons in
the TiO, film diffuse through the nanoparticle network to the
conducting glass substrate where they are collected. Because
electron diffusion is ambipolar, the current is detected when
electrons reach the collecting substrate.® The peak of the
photocurrent transient signifies the arrival of the leading
edge of the electron distribution at the collector.®!>!% The
inset of Fig. 1 shows the collected charge. A diffusion time
for electrons is estimated from the time 7 when half of the
electrons have arrived at the collector—i.e., the time when
the collected charge is half of its saturation value.>® The
same method is used to obtain the diffusion time in dye-
sensitized TiO, films, where the photocurrent traces are in-
duced by uniformly absorbed 670 nm laser pulses.®

The electron diffusion coefficient can be calculated using
D=L%/ 7% where L is either the film thickness d (for near
surface absorption in the nonsensitized films) or d/2 (for
uniform absorption in the sensitized films). The average pho-
tocharge density N is given by N=0Q,/(Adq.), where Qy is
the charge at saturation, where all of the electrons are col-
lected, A is the projected sample area, and ¢, is the elemen-
tary charge.

Figure 2 shows the electron diffusion coefficient as a
function of N between 10'® and 5 X 10'7 cm™. At the highest
average photoelectron densities (>10'7 cm™), the electron
diffusion coefficient of nonsensitized TiO, nanoparticle films
becomes constant and depends on the potential applied at the
TiO, electrode (i.e., the conducting F:SnO, substrate). This
effect was not observed for sensitized films at comparable
average photoexcitation densities when uniform photoexcita-
tion was used. In the region of average photoexcitation den-
sities below 10'7 cm™3, the electron diffusion coefficient in
nonsensitized films does not depend on the potential applied
to the substrate, which indicates that it corresponds to elec-
trons in the electric-field-free TiO, nanoparticle film.

An important aspect of the diffusion coefficient is its
power-law dependence on the photoexcitation density:
D= NP. This dependence was observed at all photoexcitation
densities for sensitized films (uniform photoexcitation) and
at average photoexcitation densities below 10'7 cm™ for
nonsensitized films.

Figure 3 shows the temperature dependence of the diffu-
sion coefficient for three samples at different photoexcitation
densities. The lines through the measurements represent fits
to a phenomenological model for D(T,N) [see Eq. (1)]. We
discuss the fitting parameters below, following a comparison
of the data with the conduction-band tail model.

There have been few temperature-dependent measure-
ments on mesoporous TiO, with which to compare these
data. Measurements of the temperature dependence of the
saturation current in Pt/TiO, Schottky barrier structures
yields a barrier height of 1.7 eV in porous nanoparticle TiO,
films at high temperatures, where conduction is predomi-
nantly intrinsic.?> Impedance spectroscopy measurements of
mesoporous rutile and anatase, gas-filled TiO, nanoparticle
electrodes yield an activation energy for electrical conductiv-
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FIG. 2. (Color online) Dependence of the electron diffusion co-
efficient on the collected charge density for three TiO, nanoparticle
films at different temperatures: (a) nonsensitized film (sample A of
Table I) and (b) and (c) sensitized films (samples B and C of
Table I). Lines are power-law fits to the data.

ity of about 0.85 eV, irrespective of the crystal structure of
the material, particle size, and oxygen pressure.*’ A similar
result was obtained from time-of-flight experiments, which
gave an activation energy of 0.75-0.8 eV for drift mobility
and 0.8-0.9 eV for electrical conductivity.*! Previously, the
same group reported an activation energy of 0.45 eV for
electron mobility in porous TiO, films.*? None of these stud-
ies considers the effect of electron density or an electrolyte
on the activation energy or measures the electron mobility or
diffusion coefficient directly. In a recent work, the tempera-
ture dependence of the electron mobility in electrolyte-filled
TiO, matrices was inferred by combining conductivity and
charge accumulation measurements.*> For a low number of
electrons per particle, the deduced activation energy of the
electron mobility was 0.3 eV independent of the potential
applied to the TiO, electrode, in good agreement with our
results.

PHYSICAL REVIEW B 73, 045326 (2006)

-4 T T T T

(a)

Collected
charge (cm®):

log,,(Diffusion coefficient (cm?s™))
& &
T T
%

N=n

3.5 o,

(SRR
1 |

4r () 7
s AL ]
|
6 1.8x10"7
¥ 1x10"”
T+ 6x10" A
3.3x10"®
8 ] ] ] |
2.5 3.0 35 4.0 45 5.0
1000/T (1/K)

FIG. 3. (Color online) Dependence of the electron diffusion co-
efficient on reciprocal temperature for samples of Fig. 2: (a) non-
sensitized film (sample A of Table I), and (b) and (c) sensitized
films (samples B and C of Table I). Lines represent fits to data
corresponding to D(T,N) [Eq. (1)].

IV. COMPARISON WITH MULTIPLE TRAPPING IN AN
EXPONENTIAL-BAND TAIL MODEL

Within the framework of the exponential CBT model, the
power-law dependence of D on N is attributed to trap filling.
For a band tail with characteristic energy mc, which corre-
sponds to the average trap depth, the dependence of the dif-
fusion coefficient on photoinduced charge density is given by
the relation®!3

D x N(l—a)/uz, (2)

where the dispersion parameter « is given by®!

T
a= ki. (3)
mc

The values for « at room temperature are typically in the
range of 0.3-0.5, corresponding to mc values ranging from
60—100 meV.>"> Equation (2) was derived originally to ac-
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FIG. 4. (Color online) Dependence of the slope B of power-law
fits [Fig. 2; Eq. (1)] on temperature. Symbols in parentheses corre-
spond to samples in Fig. 2(a) (squares), Fig. 2(b) (triangles), and
Fig. 2(c) (dots). Lines represent the prediction of the static expo-
nential conduction-band tail model [Egs. (3) and (4)] with different
values of the band-tail parameter mc.

count for transient photocurrent measurements of sensitized
nanoparticle films, but it also applies to nonsensitized TiO,
films.?

Combining Egs. (1) and (2) yields the relation between
the nonlinearity of diffusion and the underlying dispersion

l-«a
=—. 4)
o

It follows, therefore, that in this model B should depend
on temperature [Eq. (3)]. Contrary to this prediction, the data
in Fig. 2 shows that 8 does not depend on temperature. Fig-
ure 4 shows the temperature dependence of 3, which is de-
termined from the power-law fits in Fig. 2, along with the
predictions of the exponential CBT model [Egs. (3) and (4)]
for mc values of 60, 80, and 100 meV. Similar results were
obtained for other TiO, films investigated (not shown). In
each case, the slope B of the D vs N power-law plot did not
depend significantly on the temperature.

Figure 5 displays the activation energy of the electron
diffusion coefficient for average photocharge densities be-
tween 2 X 10'° and 3 X 10'7 cm™3; the data are from the fits
in Fig. 3. Activation energies of the electron diffusion coef-
ficient in different samples ranged from 0.19-0.27 eV. In
each sample, the activation energy was independent of the
photoelectron density.

From the exponential CBT model, it is straightforward to
show that the activation energy for electron transport E, is
determined by traps in the vicinity of the quasi-Fermi level.
Therefore, it follows that E, . should depend on the photoin-
duced electron density.!?
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FIG. 5. (Color online) Activation energy of the electron diffu-
sion coefficient as a function of photoinduced electron density de-
termined from data in Fig. 3. Symbols in parentheses correspond to
samples in Fig. 3(a) (squares), Fig. 3(b) (triangles), Fig. 3(c) (dots).
Lines represent the prediction of the static exponential conduction-
band tail model with different values of the band-tail parameter mc
at a total trap density of 10'® cm™.

N
Eyi=—mcIn—, (5)
8ot

where g is the total density of states in the CBT. Equation
(5) indicates that the activation energy should decrease with
increasing charge. Figure 5 shows the predicted activation
energy using Eq. (5). For a mc of 60 meV, the static
CBT model predicts the activation energy to decrease
by 0.15 eV when the photocharge density increases from
2X10'-3%10'7 cm™3. Figure 5 shows that this predicted
change is not observed.

Inasmuch as the static CBT model cannot explain the ob-
served results, one might consider a CBT that widens with
temperature in such a way that the band-tail parameter mc
varies linearly with temperature. This would result in « [Eq.
(3)] being independent of temperature. The band-tail param-
eter of polysilicon** and other semiconductor materials with
a large density of grain boundaries is predicted and observed
to increase with temperature owing to the temperature de-
pendence of the Debye length inside the grains.*’ The latter
effect cannot occur in the present system because the Debye
length inside the grains is already much larger than the 20
nm grain diameter. Furthermore, from a straightforward
analysis of the temperature dependence of the electron diffu-
sion coefficient for a temperature-dependent band-tail param-
eter, one would expect that D would decrease with increas-
ing temperature, contrary to observations. One might also
consider a CBT model that is not strictly exponential.*®
However, one would expect that if trap emission were a ther-
mally activated single or multiphonon process, the activation
energy of the diffusion coefficient would still depend on the
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TABLE 1. Fitting parameters for diffusion coefficient D(T,N)
[Eq. (D]*

Sample Ne(em™) B Ect

A (nonsensitized) 2.2x10"7 1.7 0.19
B (sensitized) 2.0x 10" 1.0 0.27
C (sensitized) 2.0x 107 22 0.24

4D, value of 0.275 cm?/s is used based on Hall mobility measure-
ments of single-crystal anatase TiO, (see Ref. 47).

electron density in the absence of quasi-Fermi level pinning.
Furthermore, even if the quasi-Fermi level were pinned by a
large trap density, which would result in an electron-density
independent E,, this variation of the CBT model would not
explain the observed dependence of the electron diffusion
coefficient on the electron density.

V. DISCUSSION

While our experimental results do not have the form ex-
pected from an exponential-band tail, they do have a fairly
simple phenomenological form in which the dependencies on
photoexcitation density and on temperature are separable
[Eq. (1)].

For convenience, we assume that the diffusion coefficient
Dy is 0.275 cm?/s, which is the value estimated for single
crystal anatase TiO,.*” We summarize the resulting estimates
of N¢, B, and E, in Table I. The variation of the values of 8
for the three samples (from 1-2.2) is substantial. Even larger
variations were found in previous experiments on individual
samples when Li was intercalated into TiO, matrices.”> The
activation energy E, also varies between samples, ranging
from 0.19-0.27 eV. Interestingly, the value for N changes
relatively little for the three samples studied here. N¢ is also
roughly comparable to the number density of anatase nanoc-
rystallites in mesoporous films. The normalization of the
photoinduced electron density with the density of TiO, nano-
particles is consistent with the proposal that localization of
electrons is a phenomenon that seems to involve the entire
particle.*

Besides the models discussed above, we have also consid-
ered variable-range hopping involving both exponential and
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Gaussian densities of states, and neither can explain the
present results. An important conclusion of this study is that
the exponential-band tail model cannot explain the experi-
mental results and, therefore, that a different explanation for
electron transport in TiO, is required. It seems likely that the
assumption of a transport edge that is implicit in multiple-
trapping models fails for mesoporous titania.

Mesoporous titania, at least when electrolyte-filled, ap-
pears to belong to a class of materials that exhibit dispersive
transport without the strong temperature dependence of the
exponential-band tail model. Porous silicon and a number of
polymeric and organic semiconductors are other examples of
such materials.3®37 Such materials are typically characterized
as having dispersion resulting from “structural” as opposed
to “energetic” disorder with the implication that the funda-
mental CTRW description of traps and of a broad distribu-
tion of wait times still apply. One important distinction of the
present measurements is the rapid increase of diffusion with
increasing electron density. This aspect strongly suggests
some type of “trap-filling” model in which traps with very
long “wait times” are fairly easily removed from the waiting-
time distribution (WTD).

At least one example of the relation between the structure
of a nanoparticle network and dispersive transport has been
demonstrated. Random walk simulations of electron trans-
port in networks of different porosities have shown that
when the porosity increases toward the percolation threshold,
dispersive transport extends to much longer time scales.” It is
also known from CTRW simulations, that an exclusive ran-
dom walk with a WTD having the form ¢(¢) & #~17%, which is
independent of the assumption of energetic disorder, will in-
deed lead to the observed charge dependence of D with a
parameter 8 described by Eq. (4).!? It is not known whether
the fractal disorder of the titania film combined with trapping
will lead to WTDs of the same form. It would be interesting
to have more theoretical and experimental tests of this specu-
lation.
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