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Abstract

We investigated the dynamics of photoinduced ultrafast electron injection from the excited state of cis-di(thiocyanato)bis(2,2’-bipyridyl-4,4'-
dicarboxylate)ruthenium(Il) (N3 dye) into the conduction band of nanocrystalline In,O; films by measuring transient absorption of N3-sensitized
In,O; films in the wavelength region from 600 nm to 4 pm at 100-250-fs temporal resolutions, and the results were compared with those for
N3-sensitized nanocrystalline ZnO, SnO,, and TiO, films. Although the reaction kinetics could not be simply described by a single exponential
function and the near-IR transient absorption spectral shapes were dependent on the environmental conditions, the predominant injection time for
the In, 05 films was 5-10ps. The SnO, and In,O; films showed similar injection dynamics, and the injection times for these films were much
shorter than the 150-ps injection time reported for ZnO films. The predominant injection time for the TiO, film was within 100 fs, which is in
agreement with reported values. The differences in the injection times are qualitatively explained in terms of the density of acceptor states in the

conduction bands at the LUMO level of N3 dye.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Metal oxide semiconductor nanocrystalline films coated with
dye molecules can be utilized as electrodes in efficient solar
cells (Gritzel cells), and basic and applied research aimed at the
development of practical applications for these cells has been
going on for more than a decade [1,2]. In these cells, injection
of an electron from a photoexcited dye molecule chemically
anchored on a semiconductor surface into the conduction band
of the semiconductor is the first step to produce photocurrent.
The rates and yields of interfacial charge separation must be
high if a large photocurrent is to be achieved. The charge sepa-
ration rates can be directly measured by ultrafast spectroscopy
with femtosecond time resolution, and many studies aimed at
understanding the electron-injection reaction mechanism have
been carried out in recent years [3-25].

Choosing a suitable combination of sensitizer dye and
semiconductor is important for the high performance of
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the solar cell device. One of the most promising combi-
nations consists of cis-di(thiocyanato)bis(2,2'-bipyridyl-4,4’-
dicarboxylate)ruthenium(Il) (N3 dye) and titanium dioxide
(TiOy) [26,27], which we call N3/TiO; in this paper. The ultra-
fast electron-injection process has been investigated by many
research groups [3,8,9,13,14,28]. The electron-injection time is
on the order of a few tens of femtoseconds, and therefore electron
injection competes with other relaxation processes within the
dye molecule, such as intersystem crossing [29] and intramolec-
ular vibrational relaxation. Ultrafast electron injection is known
to be followed by an additional, slower injection in the picosec-
ond time range, and this slow injection accounts for approxi-
mately 20% of the total injection yield. This slower injection
seems to take place from the relaxed electronic state of N3, that
is, the lowest triplet state (T). The slow injection has also been
interpreted as being due to electron-injection reaction from dye
molecules aggregated on the TiO, surface [30]. Although the
details of the slow injection process have not yet been com-
pletely worked out, the main injection reaction clearly occurs
within a few tens of femtoseconds in N3/TiO5.

If we are to understand the electron-injection mechanism
in these dye/semiconductor combinations, we must determine
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how the dynamics of ultrafast electron injection depend on the
semiconductor. Ultrafast spectroscopy has been used to mea-
sure the dynamics of electron injection from photoexcited N3 to
several kinds of semiconductors. N3-sensitized ZnO (N3/Zn0O)
has been studied in several laboratories, including our own,
and both ultrafast (<100 fs) and slow (100 ps order) processes
occur [22,28,31-34]. Ai et al. measured transient absorption
of N3-sensitized SnO; and Nb,Os5 (N3/SnO, and N3/Nb,Os)
and reported a picosecond multiexponential behavior (1-100 ps
order), with the behavior depending on the sample preparation
and the sample environment [17,18]. In addition, Benkd et al.
showed slow electron injection (2.5-50 ps order) in N3/SnO; by
probing the absorption of oxidized N3 [10].

Because these studies were done under different experi-
mental conditions and thus comparison of the data is difficult,
we investigated the electron-injection dynamics in several N3-
sensitized semiconductor films of TiO;, ZnO, SnO;, and In,O3
under identical excitation and environmental conditions. To our
knowledge the electron-injection dynamics of N3-sensitized
Inp O3 (N3/InpO3) have not been reported with detailed transient
absorption spectral data of the reactants and products, although
very recently Guo et al. have reported transient absorption kinet-
ics of injected electrons at IR probe wavelengths [36]. Transient
absorption spectra in the near-IR region revealed that electronic
nature of photoexcited N3 dye was sensitive to the sample envi-
ronment. We were able to systematically alter the density of
acceptor states by changing metal oxide semiconductors. The
differences in the injection times could be explained in terms
of the density of acceptor states in the conduction bands at the
LUMO level of N3.

2. Experimental
2.1. Samples

The procedure for the preparation of dye-sensitized nanocrys-
talline films has been already reported [28]. For the In;O3
film, nanoparticles of In,O3 were synthesized by calcina-
tion of the corresponding hydroxides, which were precipi-
tated from In(NOs3)3 solutions by adjustment of the solu-
tion pH with NHj3. The resulting films had an area of
lem? (1em x lem) and a thickness of 2-5um. The sen-
sitizer dye used was cis-di(thiocyanato)bis(2,2'-bipyridyl-
4,4’ -dicarboxylate)ruthenium(Il) [Ru(dcbpy)>(NCS),], gener-
ally called N3 dye (Fig. 1). N3 dye was purchased from Sola-
ronix SA and used without purification. For dye sensitization,
the nanocrystalline semiconductor films of InyO3, SnO3, ZnO,
and TiO, were immersed in a solution of dye in 50:50 tert-
butanol:acetonitrile. For N3/ZnO, the amount of the dye load
was kept small to suppress aggregation of the dye molecules
[34].

Ground-state absorption spectra of the dyes adsorbed on these
films (Fig. 2) were similar to the solution spectra, although the
peaks were shifted slightly. The similarity of the spectra suggests
that the interaction between the dye and the semiconductor films
in the ground state was weak. The N3 dye is known to adsorb
strongly on semiconductor surfaces via the carboxyl group(s)
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Fig. 1. Molecular structure of N3 and the energy levels of its LUMO and the
conduction band edges of the semiconductors investigated in this study.

[27]. The optical transition in the visible region is assigned to
the metal-to-ligand charge-transfer (MLCT) transition, which
involves electron transfer from the Ru central metal to one of
the two bipyridine ligands. The LUMO of N3 is located about
0.35eV above the conduction band edges of TiO, and ZnO and
about 1.05 eV above the conduction band edge of In,O3 (Fig. 1)
[28].

2.2. Femtosecond transient absorption spectroscopy

The details of the femtosecond transient absorption spec-
trometer have already been described [22-24]. Briefly, the light
source for the femtosecond pump—probe transient absorption
measurements was a regenerative/multipath double-stage ampli-
fier system consisting of a Ti:sapphire laser (800 nm wavelength,
50fs FWHM pulse width, 1.4 mJ/pulse intensity, 1kHz rep-
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Fig. 2. Ground-state absorption spectra of N3-sensitized semiconductor films.
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etition; Spectra Physics, Super Spitfire) combined with two
optical parametric amplifiers (OPAs; Spectra Physics, OPA-
800). To probe IR wavelengths, another regenerative amplifier
system consisting of a Ti:sapphire laser (800 nm wavelength,
160 fs FWHM pulse width, 1.0 mJ/pulse intensity, 1 kHz rep-
etition; Spectra Physics, Hurricane) combined with two OPAs
(Quantronix, Topas) was used. For a pump pulse, the output of
the OPA at a wavelength of 540 nm with an intensity of sev-
eral microjoules per pulse at a 500-Hz modulation frequency
was used; and for a probe pulse, the output of the other OPA
or the white-light continuum generated by focusing the funda-
mental beam (800 nm) onto a sapphire plate (2 mm thick) was
used. The probe beam was focused at the center of the pump
beam on the sample, and the transmitted probe beam was then
detected by means of a Si, InGaAs, or photoconductive mercury
cadmium telluride (MCT) photodetector after passing through
a monochromator (Acton Research, SpectraPro-300). The time
resolutions of the measurements were about 100 fs in the visi-
ble and near-IR regions and about 250 fs at IR wavelengths. All
measurements were performed at 295 K.

3. Results and discussion
3.1. Electron-injection dynamics in N3/InzO3

Fig. 3a shows the transient absorption spectra of N3/InyO3
in the visible and near-IR region (between 600 and 1500 nm)
at delay times of 1 and 45 ps. At 1 ps, transient absorption sig-
nals were strong in the near-IR region (from 1150 to 1400 nm),
whereas those in the visible region (from 700 to 900 nm) were
rather weak. In contrast, at 45 ps, the absorptions in the near-IR
region and at around 650 nm were weaker than at 1 ps, and the
absorption at around 800 nm was stronger.

To analyse the transient absorption spectra of N3/InyOs3,
we obtained reference data by means of nanosecond transient
absorption spectroscopy for the same N3/In;O3 film and N3
dye in 2:1 solutions of deuterated water and deuterated methanol
(~10=*M) at various pH values (Fig. 3b). The number of pro-
tons, n, attached to the carboxyl groups of N3 dye was controlled
by changing the pH of the solution. Transient absorption spec-
tra of fully protonated (n=4), partially protonated (n=2), and
deprotonated (n=0) forms of N3 were measured [35]. The first
two spectra (n=2 and 4, fully and partially protonated forms)
were the same. The excited-state N3 (N3”) in the protonated
form absorbed at ~700 and 1400 nm, and N3" in the deproto-
nated form absorbed at ~620 and ~1200 nm. Oxidized N3 (N3%)
is known to have a peak at 800 nm [3,28]. Its spectrum on In, O3
is shown in Fig. 3b. Here, the accompanying absorption band
whose intensity increases with wavelength in the near-IR region
(over 900 nm) can be assigned to intraband transition of injected
electrons in the conduction band of In, O3, because this trend is
typical for the absorption of electrons in conduction bands [37]
and because band-gap excitation of a nanocrystalline InpO3 film
showed a similar absorption band in the near-IR region (data not
shown).

In light of the reference spectra, for the N3/In,O3 spectra at
1 and 45 ps, the absorption decays in the near-IR region and at
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Fig. 3. (a) Transient absorption spectra of N3/In,O3 at 1 and 45 ps, (b) tran-
sient absorption spectra of N3" in the protonated and deprotonated forms, the
charge-separated state (N3* on InpO3 and injected electrons) at nanoseconds
after excitation, and N3" on Iny O3 (the contribution of slow injection; see text
for details), and (c) temporal profiles of transient absorption of N3/In,O3 at
probe wavelengths of 650, 1100, and 4000 nm.

~650 nm, whose time profiles are shown in Fig. 3¢ with single-
exponential fitting curves having a decay time of 8.7 £0.5 ps
and a constant component, can be ascribed to the disappearance
of N3*. Moreover, the absorption rise at around 800 nm can be
ascribed to generation of N3*. The increase in absorption with
wavelength at wavelengths over 1000 nm at 45 ps for N3/In, O3
can be ascribed to electrons in the conduction band. That is, the
temporal spectral change represents electron injection from N3*
to the Inp O3 film.

To selectively observe the absorption of injected electrons,
we measured the transient absorption time profile at 4000 nm,
where electron absorption was very strong (Fig. 3c, bottom
panel). The rise curve could be fitted well using a constant of
8.7 £ 0.5 ps, which showed good agreement with the decay con-
stants at 650 and 1100 nm. Additionally, an instantaneous rise
component with 35% amplitude relative to the total absorbance
was observed clearly, which indicates that there were two path-
ways for electron injection into the conduction band of In;O3.
This characteristic is common for electron-injection dynamics
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from N3 dye to several kinds of semiconductors, and the faster
(<100 fs) process is considered to be electron injection from the
unrelaxed state of photoexcited N3, although the detailed mech-
anism has not been fully clarified [18,38]. Contrastively, a recent
study on N3/In,O3 by Guo reported absence of instantaneous
rise of injected electrons probed between 1880 and 1940 cm™!
after 532 nm excitation with a 160 fs time resolution, although
the injection dynamics in the picosecond region was roughly the
same as ours [36]. The difference between their result and ours
for the subpicosecond process is not clear. Our observation of the
instantaneous rise component may in part be due to the less time
resolution (~250fs). Different sample preparation methods of
Inp O3 nanocrystalline films may also be responsible.

The presence of the ultrafast pathway indicates that the 1-
ps spectrum already includes the contribution of the absorp-
tion of N3* and injected electrons. To obtain the N3" spec-
trum due to the slow injection (8.7-ps constant), we sub-
tracted this contribution by using the following equation:
Abs(1 ps) —0.35 x Abs(45ps) (Fig. 3b, solid triangles). The
near-IR absorption band was very broad, and the peak posi-
tion was hard to discern. The broadness of the band may be due
to interaction between N3™ and the InyO3 surface, as described
for N3/ZnO in our earlier report [22]. We proposed assignment
of part of the broad absorption band in the near-IR region to
a charge-transfer band in an exciplex between N3" and some
localized surface state on ZnO. The same explanation has been
invoked for a system composed of a coumarin-derivative dye
(NKX-2311) and ZnO [23]. Other possible origins of the broad
absorption band are the coexistence of protonated and depro-
tonated forms of N3" and the interaction of N3" with the
neighboring N3 molecules in aggregates composed of dense N3
molecules on the In, O3 surface. The latter possibility, however,
can be eliminated because we measured the transient absorption
spectrum of N3 powder and found that the spectral peak was
located at 1500 nm [35].

To change the environment of the N3 dye molecule, we added
a single drop of acetonitrile to the N3/In,O3 film and measured
the transient absorption spectrum at a 1-ps delay time to compare
with the spectrum measured in air (Fig. 4a). In the presence of
acetonitrile, the absorption band was clearly narrower than that
in air, and the band was similar to the absorption band of N3*
in the protonated form (Fig. 3b). Note that the “protonated”
form is not in fact the fully protonated form, because at least
one carboxyl group must be used to anchor the molecule to the
surface. The spectral narrowing may be due to a decrease in the
ratio of the deprotonated forms in the presence of acetonitrile.

There are other possible explanations for the spectral narrow-
ing. Acetonitrile molecules around an N3 dye molecule on In; O3
may stabilize the dye/surface system by changing, for example,
the orientation of the dye with respect to the surface so that
the charge-transfer interaction between N3 dye and the surface
is suppressed, weakening the charge-transfer band that over-
lapped the N3* band. The electron-injection time was slightly
shortened, to 5.0 £ 0.5 ps, a value that was obtained from curve
fitting for the absorption decay at 1350 nm, as shown in Fig. 4b.
The spectral change may have been due to the change in the elec-
tronic property of the electron donor, N3", so that the interaction
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Fig. 4. (a) Transient absorption spectra at 1 ps of the N3/In;O3 film in air and
covered with acetonitrile and (b) temporal profile of transient absorption of
N3/Inp O3 at 1350 nm.

of N3 with the surface may have been reduced in acetonitrile.
Because N3” is energetically stabilized by interaction with the
surface, the driving force for electron injection is smaller when
the interaction of N3” with the surface is strong.

At present, it is unclear whether the interaction between N3*
and the Inp O3 surface or the protonation state of N3"is responsi-
ble for the observed broad absorption band of N3" in the near-IR
region. To clarify the origin of this band and its relation to the
electron-injection dynamics, further experiments will be neces-
sary. We are planning to perform systematic measurements by
controlling the pH of the solution surrounding the dye-sensitized
films to investigate the effect of the protonation state of N3".

3.2. Comparison of In;03, SnO3, ZnO, and TiO;

In this section, we discuss differences in the electron-
injection dynamics of N3 dye on InpOs, SnO;, and ZnO films,
whose conduction bands are mainly composed of the empty
s-orbitals of the metal elements (4s for Zn%* and 5s for Sn**
and In3*), and on TiO, films, which have a conduction band
consisting of empty 3d-orbitals. We have already investigated
the charge separation efficiency of these dye-sensitized films by
means of nanosecond laser spectroscopy, and we found that the
efficiency is almost unity for all the film samples under nanosec-
ond 532-nm laser irradiation [28].

As discussed previously, the ground-state absorption spectra
of N3 dye adsorbed on these films were almost identical with
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Fig. 5. (a) Transient absorption spectra of N3/In,O3, N3/SnO,, and N3/ZnO at delay times of 1, 2, and 5 ps, respectively, (b) rise profiles of the transient absorptions
at 4000, 1700, and 1960 nm for N3/In,O3, N3/SnO,, and N3/ZnO, respectively, and (c) transient absorption time profiles at 840 nm for N3/TiO,.

the spectra in solution, indicating that the electronic interaction
between the dye and semiconductors in the ground states was
weak. In the femtosecond transient absorption experiment, these
films were excited at 540 nm. Transient absorption spectra of
N3/Inp03, N3/SnO;, and N3/ZnO are shown in Fig. 5a. The
delay times after excitation were set at 1 ps for N3/In,O3, 2 ps
for N3/SnO,, and 5 ps for N3/ZnO to obtain spectra before slow
electron injection. Note that in all cases, ultrafast injection within
250 fs was observed as a minor process.

In a previous study of N3/ZnO, we reported a strong tran-
sient absorption band ranging between 700 and 1600 nm with
a peak at around 1150nm (Fig. 5a, bottom panel). Because
the band was different from the bands of N3*, N3*, or elec-
trons in the conduction band of ZnO, we assigned the band to
a charge-transfer absorption of an exciplex formed at the ZnO
surface [22]. In the current study, both N3/In,O3 and N3/SnO;
showed strong, broad near-IR bands similar to the band observed
for N3/ZnO, although the band widths were narrower than the
width of the N3/ZnO band (Fig. 5a). Because the band width for
N3/In, 03 was affected by the environmental conditions (Fig. 5a)
and because the spectrum in the presence of acetonitrile was sim-
ilar to the transient absorption spectrum of the protonated N3",
we propose that the broadness of these bands is due to interac-
tion between protonated N3" and the metal oxide surface, or to
the contribution of the absorption spectrum of the deprotonated
N3*, or both. The broader near-IR absorption band for N3/ZnO
may indicate stronger dye—surface interaction than for InpO3 and
SnO,, although the nature of the surfaces of these nanocrys-
talline films is not clear. Alternatively, the N3 molecules may
tend to be adsorbed in deprotonated form on ZnO more so than
on In,O3 and SnO».

Because all the samples were measured in air and the excita-
tion wavelengths were identical, we can compare the injection
dynamics of the samples. IR wavelengths were utilized for prob-

ing the absorption of injected electrons, which allowed us to
avoid problems of spectral overlap. These data are shown in
Fig. 5b. The probe wavelengths were 4000, 1700, and 1960 nm
for N3/In,O3, N3/SnO,, and N3/ZnO, respectively. The dif-
ferent wavelengths are not a problem for comparing injection
dynamics, because the electron absorption bands are very broad
and we have shown that there was no difference in the kinet-
ics at different IR wavelengths for a dye-sensitized ZnO film in
our earlier report [23]. The results of curve fitting to single or
double exponential functions are summarized in Table 1, where
injection times and the amplitude ratios of the injection times
are listed.

Ultrafast injection within the time resolution of the appara-
tus, ~250fs, was observed for all samples, and interestingly
the amplitude ratios were almost identical, 34-35% as listed
in Table 1. Because the pump wavelength was the same in all
the experiments (540 nm), the identical amplitude ratios can be
ascribed to electron injection from the unrelaxed state of the
excited N3 dye. In the unrelaxed state, that is, in the vibrationally
hot S state, electronic coupling between the dye and semicon-
ductors is probably very strong. In a study of photoexcitation of
N3/TiO, with a ~30-fs laser at different excitation wavelengths,
faster electron injection is reported to occur when excess vibra-
tional energy is large [8]. Better time resolution is necessary for
differentiating the ultrafast injection times within 250 fs. After

Table 1
Parameters for fitting experimental data to single or double exponential functions

Ultrafast injection, fs (%) Slow injection, ps (%)

N3/Iny 03 <250 (35) 8.7 (65)
N3/Sn0, <100 (35) 5.0 (65)
N3/ZnO <100 (34) 6.7 (13)

150 (53)
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thermalization in the excited state, the rise times for electron
injection depended on the nature of the semiconductors: the rise
times decreased in the order N3/ZnO > N3/In,O3 =N3/Sn0O,.

In contrast to these samples, whose conduction bands
are composed of s-orbitals, N3/TiO, showed rapid electron-
injection dynamics. We observed the rise profiles of the N3*
band, whose spectral peak is known to be at around 800 nm
[3,28]. To avoid spectral overlap with the N3" band, we mea-
sured the transient absorption profile at 840 nm (Fig. 5c¢). This
result for N3/TiO, was consistent with the results of previously
published studies of N3/TiO; [3,8,9,13]. Roughly speaking, in
metal oxide materials, the transfer integrals for the d-orbitals
of the neighboring metal atoms are smaller than the integrals
for s-orbitals. Therefore, the effective mass of the conductive
electron is expected to be larger for d-orbital materials. When
the effective electron mass is large, the density of states (DOS)
near the conduction band edge becomes large. This large DOS
for TiO, provides a large number of electron acceptor states for
electron injection, resulting in fast injection.

Among the s-orbital samples, N3/ZnO showed much slower
injection, which may be due to the higher position of its conduc-
tion band edge. The DOS, g(E), is related to the effective mass,
m”", by the following equation:

V2o,
$(E) = —5m 32\/E — Ecg, (1

where Ecp is the energy of the conduction band edge [38].
The value of m" for ZnO [39], SnO; [40], and In,O3 [41,42]
is approximately 0.3m., where m is the free electron mass. In
the case of N3/ZnO, the energy difference from the N3 LUMO
to the conduction band edge is smaller than the corresponding
energy differences for N3/SnO, and N3/InO3 (Fig. 6). Elec-
tron injection will occur from the N3 LUMO to its energetically
nearby levels in the conduction band. At the N3 LUMO posi-
tion, the DOS of the ZnO is smaller than that of other materials
investigated, and the DOS of SnO, seems to be similar to that
of InpO3. The order of the electron-injection rates and the DOS
values at the LUMO level show good agreement. One may think
that the broad near-IR absorption band observed in N3/ZnO indi-
cates the strong electronic coupling giving rise to fast electron
injection. We think, however, the near-IR absorption represents
coupling between N3™ and surface states, and injection rates are

N3 dye 5

Semigohductors

fast to d-orbital CB
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Fig. 6. Energy scheme of electron injection for excited N3 dye on various metal
oxide semiconductors: g(E) is the DOS of the conduction band.

determined by coupling between N3* (strictly speaking, N3*
interacting with surface states) and the bulk conduction band.

Recently, Ai and coworkers reported on an investigation
of the dynamics of ultrafast electron injection from N3 to
nanoporous NbyOs thin films by means of femtosecond UV-
pump/IR-probe spectroscopy. The conduction band of Nb,Os is
mainly composed of empty 4d-orbitals of Nb>*; therefore, rapid
injection is expected, owing to the large DOS. However, Ai and
coworkers observed slow (~100 ps) injection for the major pro-
cess as well as a minor < 100 fs process. Because the conduction
band edge of Nb,Os is located very close to the LUMO of N3,
they attributed the slow process to electron injection into surface
defect states energetically below the conduction band edge.

For further understanding of the factors governing the depen-
dence of the electron-injection rate on the semiconductor, exper-
iments that are more controlled will be necessary. For example,
to eliminate the effect of surface states below the conduction
band, dye molecules having higher LUMO levels would be suit-
able. N3 dye is an efficient sensitizer for solar cells, but the
intramolecular process that occurs after the MLCT photoexcita-
tion is complicated. Intersystem crossing from the singlet excited
state to the triplet state occurs in several tens of femtoseconds
[8,29], and interligand electron transfer is reported to occur in
the picosecond time range [11]. In general, the electron-transfer
rate strongly depends on the donor—acceptor distance and the ori-
entation of the donor and the acceptor. Because N3 dye has two
bipyridine ligands and adsorption may occur in several modes
(via one or two of the four carboxyl groups on a single dye
molecule), several types of electron reaction paths should exist
from a specific ligand to the conduction band [27]. Organic dye
molecules, in which the intersystem crossing time is usually in
the nanosecond range, may be appropriate for this purpose.

4. Conclusions

The dynamics of photoinduced ultrafast electron injection
from the excited state of cis-di(thiocyanato)bis(2,2’-bipyridyl-
4.,4'-dicarboxylate)ruthenium(I) into the conduction band of
a nanocrystalline In,O3 film in air were investigated by mea-
surement of transient absorption in the wavelength region from
600 nm to 4 pm at 100-250 fs temporal resolutions. About 35%
of the excited N3 molecules underwent rapid electron injection
within 250fs, and the remaining 65% underwent slow injec-
tion with a time constant of 8.7 4= 0.5 ps. The two processes are
considered to be electron injection from unrelaxed and relaxed
states of the excited N3 dye, respectively. The slow injection was
affected by the addition of acetonitrile to the film, which led to
spectral narrowing of the excited N3 absorption band as well as
to a decrease in the injection time. This result indicates that the
interaction of excited-state N3 dye with the InpO3 surface, or
the protonation state of the N3 molecules, or both, influence the
electron-injection dynamics. Also, dye aggregation on the In, O3
surface was found to be negligible from the observed transient
absorption spectral shapes in the near-IR region.

The results for an N3-sensitized nanocrystalline In,O3 film
were compared with results for N3-sensitized ZnO, SnO», and
TiO, films under identical experimental conditions. Although
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the reactions could not be simply described by means of a single
exponential function, the dominant injection time for the SnO,
films was 5 ps, and that for the ZnO film was about 150 ps. The
dominant injection time for the TiO; film was within 100fs, as
has already been reported. The differences in the injection times
could be explained in terms of the density of acceptor states in
the conduction bands at the LUMO level of N3 dye. That is,
when the acceptor-state density was larger at the LUMO level
of N3, faster injection was observed.
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