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Influence of sintering temperature, pressing, and conformal coatings
on electron diffusion in electrophoretically deposited porous TiO,
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The electrophoretic deposition of nanoporous TiO, layers allows us to investigate separately the
influence of sintering temperature, porosity, and conformal surface coatings on the effective
diffusion coefficient (D.y) of excess electrons in porous layers. Photocurrent transients were
measured to obtain Dy in nanoporous TiO, layers immersed in aqueous electrolyte. The applied
treatments control parameters such as the contact between interconnected nanoparticles, the
coordination of nanoparticles in the porous network, and the surface passivation of TiO,
nanoparticles. The hierarchy of the different factors for transport optimization in porous TiO, is
discussed. Under fixed geometry of the nanoporous network, trapping on surface states can strongly
limit electron diffusion in porous TiO,. © 2006 American Institute of Physics.

[DOL: 10.1063/1.2356100]

I. INTRODUCTION

Highly porous layers of metal oxide nanoparticles have
become the focus of many recent investigations due to their
large potential in various fields of applications such as
batteries, " displays,2 photocatalysis,3 and solar energy
conversion.* In most of these applications, electron transport
plays an important role. The optimization of the transport in
nanoporous metal oxide layers is a challenge due to the com-
plexity of influencing factors which are related to the indi-
vidual properties of nanoparticles and their electrical inter-
connects, to the local geometry, and to the huge internal
surface area of a highly porous layer.

Porous metal oxide layers consist of a network of inter-
connected nanometer sized particles such as ZnO, SnO,,
Nb,Os, and TiO,. The electrical interconnect between the
metal oxide nanoparticles is usually realized by sintering at
temperatures about 500 °C.’ For specific applications, sinter-
ing at relatively high temperatures has to be avoided, for
example, when polymers are used as substrates. An alterna-
tive to sintering at various temperatures, interconnects be-
tween metal oxide nanoparticles may be realized by applying
high pressures which may induce locally a sintering process.
Another possibility to improve interconnects between metal
oxide nanoparticles is the implementation of additional oxide
material in the regions of necks between nanoparticles by
wet chemical deposition techniques.5

The local geometry of porous metal oxide layers deter-
mines the percolation path of charge carriers. The mean co-
ordination number between nanoparticles (K) is given by the
porosity with respect to a random packing model.” The
higher the value of K, the shorter the percolation path for
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electrons traveling in the porous network. For example, for
film porosities of 50% and 75%, K amounts to 4.5 and 2.5,
while the fractions of terminating particles are 1% and 31%,
respectively.7 The critical porosity (P) is defined as the po-
rosity above which closed percolation paths from one to the
other contact become impossible. The value of P, has been
analyzed, for example, for porous TiO, layers and amounts
to PC=O.76.8 This is a very typical value for percolation in
porous materials.®

The internal surface area of nanoporous metal oxides is
of the order of 100 m?/cm?.” Therefore, even relatively low
concentrations of surface states may strongly influence the
charge transport due to trapping. Further, surface states may
induce recombination of excess electrons with species in the
electrolyte. In semiconductor physics, surface layers are used
for electronic passivation. The most prominent one is the
Si/Si0, system.10 The surface passivation of metal oxide
nanoparticles can be improved by coating the nanoparticle
with an ultrathin layer of a metal oxide which has a larger
bandgap than the nanoparticle, for example, by Nb,Os (Ref.
11) or Al,O4 (Ref. 12) coatings on TiO, nanoparticles.

Usually, nanoporous metal oxide layers are prepared by
screen printing of pastes containing organic binders and
metal oxide nanoparticles followed by firing at high tempera-
ture in air to burn out the organic molecules." During the
firing, sintering of metal oxide nanoparticles fixes intercon-
nects between nanoparticles and therefore the local geom-
etry. For this reason, it is practically impossible to investigate
separately the influence of factors such as interconnects and
coordination and passivation of nanoparticles on transport
phenomena such as electron diffusion.

Recently, we developed the electrophoretic deposition
(EPD) technique for the preparation of nanoporous metal
oxide layers.14 The advantage of EPD is that the local geom-
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TABLE I. Experimental conditions and overview of the investigated samples.

Variation Layer
and thickness
Series treatment Laser Sample (pm)
A Thickness by deposition Nd:YAG (355 nm) Al 1.2 (15 s)
time of EPD 10 Hz A2 2.9 (30 s)
(after sintering at 500 °C 1.6 mJ/cm? A3 4.6 (45s)
A4 9.5 (60 s)
A5 10.5 (70 s)
A6 12.5 (80 s)
A7 15.3 (100 s)
B Sintering temperature N, (337 nm) Bl 7.2 (300 °C)
2 Hz B2 7.2 (400 °C)
40 pl/em? B3 72 (500 °C)
B4 7.2 (550 °C)
C Pressure N, (337 nm) Cl1 2.7 (unpressed)
(after sintering at 500 °C) 1 Hz C2 2.2 (0.2 T/cm?)
40 uJ/cm? C3 2.1 (0.4 T/cm?)
C4 1.95 (0.6 T/cm?)
C5 1.85 (0.8 T/cm?)
D TiO, coating time Nd:YAG (355 nm) D1 7.5 (uncoated)
(before pressing at 0.8 T/cm? 10 Hz D2 7.5 (30s)
and unsintered) 1.6 mJ/cm? D3 7.5 (2 min)
E MgO coating time Nd:YAG (355 nm) El 7.5 (uncoated)
(before pressing at 0.8 T/cm? 10 Hz E2 7.5 (30s)
and sintering at 500 °C) 1.6 mJ/cm? E3 7.5 (1 min)
E4 7.5 (3 min)

etry is not yet fixed after the formation of the porous layer.
Therefore, interconnects between nanoparticles, local geom-
etry, and surface passivation can be varied separately on po-
rous metal oxide layers deposited by EPD.

Electron transport is determined by diffusion in porous
metal oxides permeated with electrolyte since electrical
fields are screened.” In transient photocurrent (PC) experi-
ments, a porous metal oxide film is illuminated from the
electrolyte side with light pulses which are strongly ab-
sorbed. Light-induced electrons diffuse through the porous
metal oxide film towards the back contact were they are ex-
tracted at the interface and registered with a load
resistance.'® An effective diffusion coefficient (D) can be
obtained from the characteristic peak position (#,e,) of pho-
tocurrent transients and the film thickness (L):'®

2

Dege= 6ot (1)

In this work, we apply the EPD technique for the depo-
sition of nanoporous TiO, layers. Interconnects between
TiO, nanoparticles are changed by variation of the sintering
temperature. The local geometry of the nanoporous TiO, lay-
ers is modified by decreasing the porosity due to pressing.
Conformal coating of TiO, nanoparticles by ultrathin TiO,
and MgO layers is applied to vary necking and surface pas-

sivation. The effective diffusion coefficient and the inte-
grated charge (Q) were measured by transient photoconduc-
tivity as a function of the various factors.

Il. EXPERIMENT
A. Preparation of porous TiO, layers

Porous TiO, films were fabricated by cathodic EPD
method developed in our laboratory and described elsewhere
by Grinis et al."* EPD enables simple preparation of uni-
form, binder-free films with controlled thickness and with
high reproducibility. The TiO, particles (P25, Degussa) were
deposited on a conducting glass [SnO,:F, 8 Q/[], Libby
Owens Ford (LOF)]. The thicknesses of the porous TiO,
films were measured with a surftest SV 500 profilometer of
Mitutoyo Co. Five series of electrodes were prepared (sum-
marized in Table I).

Series A (thickness variation) contained seven porous
TiO, layers with thicknesses between 1.2 and 15 um. One
can see from the comparison of the layer thicknesses with the
deposition time that the thickness of the porous TiO, layers
is well controlled by the deposition time. The porous TiO,
films were sintered at 500 °C in air for 30 min.

Series B (variation of the annealing temperature) con-
tained four porous TiO, layers with identical thickness. The
porous TiO, layers were sintered at 300, 400, 500, and
550 °C in air for 30 min.
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Series C (pressure treatment) contained one unpressed
porous TiO, layer and four porous TiO, layers pressed at
0.2, 0.4, 0.6, and 0.8 T/cm? before sintering at 500 °C in air
for 30 min. A hydraulic programmable press (Bivas Hydrau-
lic Industries Ltd.) was used for pressing at room tempera-
ture. Pressing leads to a reduction of the layer thickness and
therefore to a decrease of the porosity. The porosities of the
pressed layers were obtained from P,=(L,—-0.4L,,)/L,,
where L, and L, are the thicknesses of the pressed and un-
pressed layers, respectively, and amounted to 0.6, 0.51, 0.49,
0.45, and 0.42 T/cm? for the unpressed and 0.2, 0.4, 0.6, and
0.8 T/cm? for the pressed nanoporous TiO, layers, respec-
tively.

Series D (conformal TiO, coating) contained three po-
rous TiO, layers; one uncoated and two coated at different
times. The porous TiO, layers were pretreated by pressing at
0.8 T/cm? before coating in tetraisopropyl ortotitanate based
alcoholic solution was performed. The coating time is di-
rectly related to the thickness of the ultrathin TiO, layer and
can be changed from few angstroms to a few nanometers. All
three porous TiO, layers were only dried (not sintered) at
150 °C in air for 1 h after coating.

Series E (conformal MgO coating) contained four po-
rous TiO, layers; one uncoated and three coated at different
times. The porous TiO, layers were pretreated by pressing at
0.8 T/cm? before coating in magnesium ethoxide alcoholic
solution was performed. All four porous TiO, films were
sintered in air at 500 °C for 30 min after coating.

B. Measurement of photocurrent transients

The measurements were performed in a homemade elec-
trochemical cell made of Teflon which was electrostatically
screened by a Faraday cage.15 The samples were sealed with
an O-ring (diameter of 7 mm) and illuminated from the elec-
trolyte side. The electrolyte was aqueous 0.5M NaCl with
pH=2 (HCI). Two different lasers were used for the experi-
ments. The excess charge carriers for series A, D, and E were
generated by pulses of the third harmonic of a Nd:YAG
(yttrium aluminum garnet) laser (wavelength of 355 nm, du-
ration of the laser pulse of 150 ps, intensity of 1.66 mJ/cm?,
and repetition rate of 10 Hz). Series B and C were measured
with a N, laser (wavelength of 337 nm, duration of the laser
pulse of 5 ns, intensity of 40 uJ/cm?, and repetition rate of 2
or 1 Hz). The measurement resistance was 50 (). The mea-
surements were performed in a quasistationary regime. The
photocurrent transients were measured at only one fixed ex-
citation light intensity despite the fact that the effective dif-
fusion coefficient depends usually on the light intensity. Nev-
ertheless, our measurement regime was sufficient for
comparing the general trends of D i and Q between samples
within one series or between series D and E.

lll. RESULTS AND DISCUSSION

A. Thickness dependence

Figure 1 shows some PC transients for nanoporous TiO,
layers of series A on a logarithmic time scale. The onset of
the laser pulse is shifted to 70 ns. The peak of the photocur-
rent transients shifts to shorter times with decreasing film
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FIG. 1. Characteristic photocurrent transients for samples with three thick-
nesses. The insert shows the correlation between the peak time of the tran-
sients and the squared thickness.

thickness, as expected. The correlation between the square of
the thickness and the peak time (Z,cy) is plotted in the insert
of Fig. 1. The linear dependence with the slope shows that
Ipeak 18 dominated by one effective diffusion coefficient
(Der=107° cm?/s under the given measurement conditions)
over the whole range of thicknesses. Therefore, it can be
concluded that the nanoporous TiO, layers are homogeneous
over the whole thickness and that anomalous diffusion does
not control the peak position of the photocurrent transients
under the given conditions. This conclusion is used in the
analysis of the following experiments when D is deter-
mined from 7., of one photocurrent transient obtained on a
nanoporous TiO, layer with a known thickness.

With increasing film thickness, the charge integrated
over the photocurrent transients decreases by up to a factor
of 2. The repetition rate cuts the decays of the photocurrent
transients and leads to a steady state population of the deep-
est traps. The relative influence of the cutting of the tran-
sients increases with increasing layer thickness, resulting in
the decrease of Q. Therefore, nanoporous TiO, layers with
thicknesses in the same range were used for the following
experiments in order to compare changes of recombination
and trapping after different treatments. We note that f,, is
practically not influenced by recombination as long as the
electron life time is of the same order as ... Under these
conditions Q is much more sensitive to recombination. In
contrast, trapping influences 7., much stronger than it af-
fects Q.17

B. Influence of the sintering temperature

Figure 2 summarizes the measurements on the nano-
porous TiO, layers of series B as the dependence of 7., and
O on the sintering temperature. The value of Dy is inverse
proportional to 7., since the thicknesses of the films are
identical. The results demonstrate the increase of Dy with
increasing sintering temperatures. The value of Q remains
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FIG. 2. Dependence of the peak time and of the integrated charge on the
sintering temperature.

constant within the experimental error for lower sintering
temperatures and increases by about 30% after sintering at
550 °C. The decrease of 7., concomitant with the increase
of O demonstrates also that 7, is dominated by Dy It is
important to note that no signal was observed for the nano-
porous TiO, layer sintered at 300 °C. This indicates the ne-
cessity of a heat treatment at temperatures significantly
higher than 300 °C for getting a reasonable interconnect be-
tween TiO, nanoparticles deposited by the EPD technique.

As already shown by Kambe et al.,” the film morphology
of nanoporous TiO, layers does not change significantly with
the annealing temperature (between 400 and 550 °C). There-
fore, the sintering affects mostly interconnects between par-
ticles. Increasing particle necking without changing the pores
size and film morphology enables the raising of D without
damaging the collection properties of the films. The signifi-
cance of increasing the annealing temperature up to 550 °C
for improving the necking between particles underlines the
problems which one has to overcome in order to design and
manufacture films on plastic substrates.

C. Role of the pressure treatment

Figure 3 shows secondary electron microscopy (SEM)
micrographs of the unpressed and pressed with 0.8 T/cm?
nanoporous TiO, layers. After pressing, larger pores and pro-
nounced agglomerates disappear as the film becomes denser
and more homogeneous. This clearly demonstrates that the
local geometry of nanoporous metal oxide layers can be
changed systematically by pressing.

With increasing pressure, the porosity decreases, which
leads also to a decrease of the penetration depth of the exci-

FIG. 3. Micrographs of the top views of unpressed porous TiO, layer de-
posited by EPD (a) and of a nanoporous TiO, layer after pressing (b).
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FIG. 4. Thickness dependence of the peak time (a), the integrated charge
(b), and the effective diffusion coefficient (c) for the unpressed and pressed
with different pressures nanoporous TiO, layers. The line in (a) represents a
slope of 2. Note the increase of the effective diffusion coefficient with in-
creasing pressure of the pressed nanoporous TO, layers (c).

tation light in the nanoporous TiO, layer. Further, light scat-
tering experiments showed that the medium roughness of
nanoporous TiO, layers deposited by EPD decreased after
pressing.18 This gives an additional decrease of the penetra-
tion depth of the excitation light in the nanoporous TiO,
layer. With respect to the penetration depth of the excitation
light and its change due to changed porosity and roughness
after pressing, one has to consider a reduced effective thick-
ness of the nanoporous TiO, layer when calculating D, For
the calculation of D, L has been reduced by a~'/(1-P),
where a7 is the penetration depth of the light (about 0.4 xm
in TiO, for the given wavelength) and P is the porosity.

Figure 4 shows the dependences of #yeq, O, and Dy on
the thickness of the nanoporous TiO, layers of series C. For
the pressed nanoporous TiO, layer, the most striking feature
is that 7, decreases much stronger with decreasing L than
one would expect for diffusion with a diffusion constant that
is independent of L. Therefore, D increases with decreas-
ing L for the pressed nanoporous TiO, layers as shown in
Fig. 4(c). Such behavior can be understood in terms of per-
colation in a porous network with increasing coordination
number between interconnected nanoparticles.19 As remark,
an influence of recombination or modified trapping on e,
can be ruled out since the integrated charge is independent of
L [Fig. 4(b)] for the given set of samples.

It is important to notice that D of the unpressed nano-
porous TiO, layer is significantly larger than D of the
nanoporous TiO, layers pressed at low pressures. This is not
an artifact and points to the effect of partial ordering in nano-
porous TiO, layers deposited by EPD.” The partial ordering
induced by EPD is lost during pressing.

D. Conformal TiO, coating of pressed but unsintered
nanoporous TiO, layers

One question is whether sintering at relatively high tem-
peratures can be avoided, for example, by necking of nano-
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FIG. 5. Dependence of the effective diffusion coefficient (a) and the inte-
grated charge (b) on the deposition time of the TiO, coating layer, i.e., its
thickness.

particles in chemical solutions in which ultrathin TiO, layers
can be deposited at TiO, surfaces. The ultrathin TiO, coating
was expected to form good necking between TiO, particles
and thus enable electron transport through the porous layers
in cases when the layers were neither pressed nor sintered.
However, unpressed nanoporous TiO, layers did not give
any photocurrent response irrespective to TiO, coating. We
believe that electronic states are different in TiO, nanopar-
ticles and in ultrathin TiO, layers, which causes the forma-
tion of additional barriers for electron transport at intercon-
nects between TiO, nanoparticles.

Electron diffusion in unsintered nanoporous TiO, layers
could be observed only on layers which were pressed at the
highest pressure, i.e., 0.8 T/ cm?. These PC transients had to
be measured at an intensity of the laser pulses as large as
1.6 mJ/cm?. Figure 5 shows the values of D and Q ob-
tained on the unsintered and uncoated and coated with ultra-
thin TiO, nanoporous TiO, layers pressed at 0.8 T/cm?. The
values of D and Q of the uncoated layer amount to about
1X107% cm?/s and 0.1 uAs, respectively, under the given
conditions.

Coating for 30 s leads to an increase of Q by about 50%
while D increased by more than three times. Since the
ultrathin TiO, coating is unimportant for better interparticle
transport between TiO, nanoparticles, it can be concluded
that TiO, coating for 30 s improved the surface passivation
of TiO, nanoparticles from the point of view of reduced
trapping. This seems surprising since one would expect even
increased trapping at TiO, surfaces which are not treated at
high temperatures. One has to consider that the ultrathin
TiO, layer and the pressed TiO, nanocrystallites have differ-
ent electronic structures, resulting, for example, in an offset
of the conduction bands. However, other experiments are
needed to get a deeper understanding of this point. For
longer times of coating, however, the values of Dy and Q
decrease significantly. We assume that the passivating prop-
erties of the ultrathin TiO, coating diminish with increasing
thickness due to the development of stress in the layer, lead-
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FIG. 6. Dependence of the effective diffusion coefficient (a) and the inte-
grated charge (b) on the deposition time of the MgO coating layer, i.e., its
thickness.

ing to the development of surface defects. Therefore, the
thickness of passivation layers is a very critical issue and has
to be investigated more detailed in future.

E. Conformal MgO coating of pressed and sintered
nanoporous TiO, layers

The value of D of the pressed at 0.8 T/cm? and sin-
tered at 500 °C nanoporous TiO, layer increased by about
50 times in comparison to the unsintered one, whereas Q
remained practically unchanged (compare the values at 0 s in
Figs. 5 and 6). This allows us to draw two conclusions: first,
the formation of well sintered intimate interconnects between
TiO, nanoparticles is the most important factor for electron
diffusion, and second, surface states being responsible for
electron recombination are not directly related to trap states
which only limit the electron diffusion.

An important question is whether both kinds of surface
states, recombination centers and electron traps, can be ef-
fectively passivated by ultrathin MgO coatings. This ques-
tion is addressed in Fig. 6. In this experiment, the thermal
load was the same for all samples. The value of Q increased
by seven to eight times after MgO coating independent on
the coating time. Therefore, the thickness of the MgO passi-
vation layer is not important for the passivation of recombi-
nation centers at the TiO, surface. The dependence of D, on
the MgO coating time is more complicated. The value of D g
increased to about 2X 10™* cm?/s after MgO coating for
30 s. With increasing MgO coating time to 60 s, Dy in-
creased even further to about 3 X 10~* cm?/s. Therefore,
MgO passivates TiO, surfaces very efficiently. However,
longer MgO coating times cause a significant decrease of
D towards 2 X 107+ cm?/s. The reason for this behavior is
not well understood yet. We believe that the influence of
ionic charge incorporated in the MgO coating has to be con-
sidered.

IV. SUMMARY

Our results on nanoporous TiO, layers prepared by EPD
show that a hierarchy of four processes has to be considered
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for the optimization of electron diffusion. The first process is
the deposition of the nanoporous TiO, layers by EPD, which
opens general opportunities for optimization of electron dif-
fusion in such layers. The second process aims to the geo-
metrical factor in interconnected porous networks. By press-
ing, the porosity of nanoporous TiO, layers deposited by
EPD can be decreased and thus the coordination number be-
tween TiO, nanoparticles can be increased, which improves
percolation. The third process, the sintering at relatively high
temperatures, is the most important one since it is respon-
sible for creating intimate interconnects between TiO, nano-
particles. Pressing alone is not sufficient for getting good
electron diffusion in nanoporous TiO, layers. This gives a
principal limitation for the application of nanoporous TiO,
layers on plastics which cannot be treated at high tempera-
tures. The fourth process contains a coating procedure (with
MgO) in order to passivate recombination centers and trap
states at the surfaces of interconnected TiO, nanoparticles.
Our experiments showed that trapping of electrons at surface
states can strongly limit the electron diffusion in nanoporous
TiO, and that the trap density is much higher at the
TiO,/electrolyte interface than at the TiO,/MgO interface.
The coating procedure has to be optimized very carefully
since it determines also the injection properties of electrons
from adsorbed dye molecules for dye sensitized solar cells.
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