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Abstract

The method of transient XUV photoemission spectroscopy is developed to investi-
gate the ultrafast dynamics of heterogeneous electron transfer at the interface between
the N719 ruthenium dye complex and TiO2 nanoparticles. XUV light from high-
order harmonic generation is used to probe the electron density distribution among
the ground and excited states at the interface after its exposure to a pump laser pulse
of 530 nm wavelength. A spectral decomposition of the transient emission signal is
used to follow the population and decay dynamics of the involved transient states indi-
vidually. By comparing results obtained for the N719/TiOy and N719/FTO interfaces,
we can unambiguously reveal the kinetics of electrons injected to TiO9 from the singlet
metal-to-ligand charge-transfer (MLCT) excited state of the dye. With the developed
approach, we characterize both the kinetic constants and the absolute binding energies
of the singlet and triplet MLCT states of the dye and the state of electrons injected
to the conduction band of TiOy. The energy levels of the singlet and triplet states are
found to lie 0.7 eV above and 0.2 eV below the conduction band minimum, respec-
tively. This energetic structure gives rise to a strong driving force for injection from
the singlet state and a slow electron transfer from the triplet state, the latter being
possible due to a partial overlap of the triplet state band of N719 and the conduction
band of TiOs.

Introduction

Heterogeneous electron transfer (HET) at the interface between a dye and a wide-band-gap
semiconductor has attracted much interest in the last decades.! Following the invention of
nanostructured dye-sensitized solar cell by Gritzel and O’Regan,? considerable efforts have
been made to investigate fundamental processes induced by light in this devices. Among
various combinations of the sensitizer and semiconductor materials, the ruthenium-based
dye complexes, such as Ru(dcbpyH)2(NCS), (N3) and its salt (BuyN)sRu(debpyH)2(NCS),

(N719), exhibit high efficiency (close to unity) of the HET mechanism in the visible range
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of the solar spectrum.®® Due to this property and the achievement of solar-to-electric en-
ergy conversion efficiency exceeding 10%, the N719 complex has been considered over the
years as a reference dye for studying fundamental aspects of photo-induced electron trans-
fer properties in the DSSCs.*® The high injection yield of electrons into the semiconductor
state is related to a rather fast HET process compared to other competing reaction chan-
nels. In order to reveal the competition of different processes, the application of ultrafast
time-resolved spectroscopies is, therefore, needed to follow the complex electron dynamics
induced by photoexcitation at the dye-semiconductor interface.

Femtosecond transient absorption spectroscopy represents so far the most common method
used for studying the electron dynamics at interfaces. This method was applied, in partic-
ular, to investigate the injection kinetics from the Ru-based dye complexes to a TiO, layer.
The injection process was found to exhibit a coexistence of an ultrafast (< 100 fs) transfer
component and one or more slower components occurring on a picosecond and even longer
timescales.” ' This feature is associated with the population dynamics of different metal-
to-ligand charge-transfer (MLCT) states of the dye complex. Following excitation at the
maximum of the absorption band (typically at a wavelength of 530 nm), the dye is initially
prepared in the singlet 'MLCT state. This state promotes the fast electron transfer directly
into the conduction band (CB) of TiO,, which takes place simultaneously with an internal
relaxation into the triplet SMLCT state via intersystem crossing.!?'® Both injection and
relaxation processes were found to occur on a timescale of 50 — 100 fs.!6'7 Injection from
the relaxed triplet state is significantly slower and occurs on a picosecond time scale. To
account for the competition in the injection kinetics between the direct electron injection
and the intramolecular relaxation, Asbury et al.'® proposed a two-state injection model.
The ratio between the short- and long-lived states were found to depend on the excitation
wavelength, confirming that the main injection channel originates from the non-thermalized
singlet 'MLCT state.

Apart from the injection kinetics, the binding energies of the ground and excited states



and their match at the dye—semiconductor interface are fundamentally important for the
function of a DSSC. On the one hand, the energy difference between the donor (excited
dye) and the acceptor (CB of TiO,) determines the driving force for the electron transfer,!®
and on the other hand the excess energy represents a dissipation mechanism and by that
influences the overall reachable conversion efficiency of the cell. Thus, a detailed knowledge
of the energy structure is inevitable to better understand various experimental aspects and to
specifically design new and more efficient sensitizers. For Ru-based sensitizers, the ground-
and excited-state redox potentials were measured by cyclic voltammetry combined with
absorption and emission spectroscopy.!?2! The molecular band alignment with the CB of
TiOy was predicted by theory and the calculated results were verified by comparison with
the absorption spectra.??* However, direct experimental knowledge of the energetics at
the dye-semiconductor interface is not available until today and the development of other
approaches is required to gain insight into the actual band alignment.

The method of transient absorption spectroscopy does not provide a direct measure of
binding energies. The changes in absorption signal are related to the formation of positively
charged dye cations or to the density increase of free electrons in the CB of the semiconductor.
The actual transitions that involve population of excites states are probed indirectly and it
is difficult to draw conclusions about the energy structure in this case. In the present work
we apply femtosecond time-resolved photoemission spectroscopy (PES) and demonstrate
the capabilities of this method in both revealing the injection kinetics and determining the
binding energies of the involved states. In a transient PES experiment, a short laser pulse
in the visible wavelength range excites the dye to a higher-lying state, whereas as a second
short pulse of high photon energy is applied at a variable time delay to ionize the system.
To be able to probe the ground and the excited states simultaneously, the photon energy
of the probe pulse needs to be sufficiently high (> 7 eV). Tabletop XUV light sources
generating pulses of ultrashort duration and employing up-conversion of the fundamental

laser frequency via the process of high-order harmonic generation (HHG) in a non-linear



medium, nowadays represent a well understood and established technique.?*?> With the use
of modern femtosecond pump lasers, this technique allows the generation of a high photon
flux in the XUV energy range reaching ~ 100 eV and finds its application in a variety of
different research fields. 2672

In the present work, we employ our recently developed HHG setup dedicated to time-
resolved PES studies.?® We confirm the current understanding of ultrafast charge transfer
at the N719/TiOy interface and provide additional information about the binding energies
for the involved excited states. As a reference sample, we use the fluorine-doped SnO, sub-
strate (FTO) covered with dye to ensure sufficient conductivity thereby avoiding charging
effects. By measuring the injection kinetics at the N719/TiO interface in comparison to the
N719/FTO interface, we can clearly distinguish the unique properties of the TiO, electrode.
Such a comparison is straightforward to make, since the HET process at the N719/FTO

interface is much slower and, in particular, the ultrafast injection component is highly sup-

pressed. 3132

Experimental section

Sample preparation

The glass substrate of 4 mm thickness, coated with a conductive FTO layer of 10 ©/cm?
resistivity, was purchased from Nippon Sheet Glass (NSG, Japan). An area of 4 x 4 mm?
size on the FTO layer surface was coated with a mesoporous TiO, film with the use of
a commercial semi-automatic screen printer and a commercial printing paste containing
colloidal TiO, particles of 18 nm average size (PST-18 NR, JGC Catalysts and Chemicals).
The N719 dye was purchased from Dyesol (Australia). For sensitization, a solution was
prepared with a 0.3 mM dye concentration in a mixture of acetonitrile and tert-butylalcohol
with a volume ratio of 1:1. Prior to sensitization, the TiO, film was sintered at 500 °C for

30 minutes. After the substrate was cooled to 80 °C, the TiO, electrode was immersed into



the dye solution and kept at room temperature for 24 hours. The films were rinsed by the
same solvent mixture to remove unbound dye and afterward were transferred in atmosphere
into the experimental vacuum chamber. A typical residual gas pressure in the chamber was
in the range of 10~7 mbar during experiment. The absorbance of the dye-sensitized film was
0.24 at the wavelength of 530 nm, as measured with a home-built UV /visible absorption
spectrometer.

The part of the FTO layer surface which remained uncoated with TiOy served as a
reference sample, with the dye not linked to TiO,. After immersion of the substrate in the
dye solution, both the TiO, film and the free part of the FTO layer were covered with dye,
giving rise to the N719/TiOy and N719/FTO interfaces, respectively. In addition, electron
emission was measured from bare TiO and FTO layers (denoted below by bTiOs and bFTO,
respectively) so that four samples were investigated in total.

The samples were prepared immediately prior to measurements. No degradation or mod-
ification of sample was observed in the steady-state XUV spectra recorded before and after
the pump-probe measurements. Because of the ex-situ sample preparation, special atten-
tion was paid to possible surface contamination, e.g., by water or organic materials, which
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may influence binding energies as well as the injection kinetics. Hahlin et a who imple-

mented the same method of sample preparation as used in the present work, concluded that

1.3% considered contami-

water does not contaminate ex-situ prepared electrodes. Lyon et a
nation by organic materials, and argued that such impurities introduce only weak interface
dipoles and their effect is insignificant. In accordance with literature, we find no evidence of

contamination effects in the present experiment.

Time-resolved photoemission spectrometer

A detailed description and characterization of the XUV light source can be found elsewhere. 3

Briefly, a Ti:sapphire laser system delivering 2.5 mJ, 800 nm, 25 fs pulses at a repetition rate

of 5 kHz was used to generate the visible pump and the XUV probe beams. The laser output



was split so that approximately 1.5 mJ pulse energy was used for the frequency up-conversion
via the HHG process in an argon-filled cell to generate XUV pulses. The 21st harmonic of
the fundamental frequency, with a photon energy of 32 eV, was selected with the use of
a reflective off-center zone plate and refocused by a toroidal mirror into the experimental
chamber. The XUV photon flux in the interaction region was ~ 10° photons per pulse,
as measured by means of a calibrated photo diode. Another part of the laser output was
used for pumping of an optical parametric amplifier (OPA) to generate pulses at 530 nm
wavelength. The spot sizes of the pump and the probe beams at the sample were 500 pm
and 100 pm, respectively. The pump pulse energy was 4 uJ, corresponding to a photon flux
of 5 x 10'® photons/cm? in the interaction region. A computer-controlled delay stage was
used in the pump beam path to vary the time delay between the pump and probe pulses.
A time resolution of 98 fs (FWHM) in the present experiment was inferred from a cross
correlation measurement carried out on the bTiOy sample, as we discuss in detail below.
The kinetic energy spectra of photoelectrons were measured with the use of a time-of-
flight (TOF) electron spectrometer THEMIS 600 delivered by SPECS. The spectrometer
is equipped with a cylindrical multi-element electrostatic lens that maps electrons emitted
from the sample onto a detector positioned at the end of the drift region. The lens can be
operated in different modes, differing in the electron acceptance angle, the spectral energy
range, and the energy resolution. In the drift mode (DM), the electrostatic lens is disabled
and the spectrometer performs as a classical drift tube with an acceptance angle of +1°,
determined by the ratio of the detector aperture and the spectrometer length. This mode
was used to acquire steady-state photoelectron spectra in a wide kinetic energy range. The
wide-angle mode (WAM) yields the highest acceptance angle of +15°, though the kinetic
energy scale is limited to a certain range around a predefined kinetic energy. This mode was
used for acquisition of spectra with a high signal-to-noise ratio in an energy range sufficient
to reveal the spectral components of XUV ionization from the ground state of the N719

dye and from the transient states. To avoid saturation of the detector, the electron count



rate was maintained below the pulse repetition rate of the laser system. Since the XUV
ionization yield per pulse is rather high, the detector was equipped with a low-energy filter
which did not pass electrons with kinetic energies below a chosen value. This was achieved by
applying a deceleration voltage to a grid positioned in front of the detector. The calibration
of the spectrometer’s work function was carried out by measuring the Fermi edge of a gold
sample. The binding energies reported in this work are obtained from the measured electron
kinetic energies with the work function taken into account. The spectral energy resolution
was mainly determined by the HHG bandwidth convoluted with the spectrometer resolution.
An energy resolution of 0.1 eV was derived from a calibration measurement by recording a

XUYV ionization spectrum of argon gas.

Results and Discussion

Steady-state XUV spectra

The energy structure of the ground state of N719 and the valance band of TiO, are inferred
from steady-state XUV spectra, recorded without application of the pump beam. Fig. 1
shows the results obtained for the bare and sensitized TiO, films. The spectra were recorded
with equal acquisition times. The positions of the higher-lying energy levels are important
for the photoinduced electron transfer at the N719/TiO, interface, and can be elucidated
from these measurements. The valence-band edge of the non-sensitized TiOy sample lies
at a binding energy of 3.2 eV.3%3% This value was obtained by fitting a line to the spectral
onset and using the intersection point of this line with the abcissa axis. From the analysis of
the absorption spectrum measured for bTiO,, we obtained a value of 3.3 eV for the energy
gap between the valence and conduction bands. Using this value the conduction band edge
position can be estimated to lie 0.1 eV above the Fermi edge.3* For the sensitized sample,
the maximum of the HOMO band of the N719 dye arises at a binding energy of ~ 2.2 eV.

This value is in agreement with previously reported results for the N719/TiO, interface.3* At



binding energies larger than 4 eV, photoemission from the valence band of TiOy dominates
the ionization yield. In this energy range the signal intensity of bTiOs is higher (see Fig. 1).
This is due to the fact that, for the sensitized sample, the dye absorbs XUV light as well as

attenuates electrons emitted from the substrate.
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Figure 1: (Color online) Steady-state XUV spectra of photoelectrons recorded for the bare
(squares) and sensitized (circles) TiOg samples. The emission peak from the ground state of
the dye is labeled by N719. The inset shows a comparison of emission spectra obtained for
sensitized TiOq (circles) and FTO (triangles) samples. The solid lines show the fit results of
the HOMO ionization signal to a Gaussian profile.

The inset of Fig. 1 shows a comparison of XUV spectra of the sensitized TiO, and FTO
electrodes. For both samples, the ionization contribution from the HOMO band was fitted to
a Gaussian profile in the region of lower binding energies where contribution from the valence
band of the substrate can be disregarded. One can see that the HOMO-band contribution
for the TiO, electrode appears stronger and its peak position lies 0.3 eV higher on the
energy scale. The latter manifests the difference in the electronic coupling between the dye
and the two surfaces. One should note that the character of the dye-surface interaction
affects not only the energetic structure at the interfaces but also the electron kinetics at
higher excitation level, as we discuss below. The difference in the ionization yield from the
HOMO band can be easily understood as being due to different surface roughnesses of the
two electrodes, leading to a different amount of dye deposited on the surface. This is an
important issue here, since the FTO substrate is used as a reference and the transient signal

needs to be normalized to the amount of deposited dye. From the results shown in Fig. 1,



we find that the colloidal TiO, surface maintains by a factor of 2.4 higher amount of dye
than the FTO surface. This was obtained by comparing the HOMO-band yields integrated

over the respective Gaussian profiles.

Pump-probe measurements with bTiO, and bFTQO: spectrometer

resolution

Before considering the injection kinetics at the dye—semiconductor interface, it is instructive
to present results of pump-probe measurements with the use of bare bTiO, and bFTO sam-
ples. These measurements facilitated to reveal possible contributions from the substrates
to the transient signal of the sensitized samples as well as to determine the time resolution
achieved in the experiment. When the pump and the probe pulses overlap in time, a process
of multiphoton ionization occurs that involves absorption of an XUV probe photon simulta-
neously with absorption or emission of one or more pump photons. This process does not
require the presence of an excited state that can be resonantly populated by the pump beam.
It has received a description in terms of laser-assisted photoelectric effect from a surface. 3%
The ionization yield integrated over a sideband of the laser-assisted ionization process rep-
resents a cross correlation (CC) signal of the pump and the probe beams. By recording the
CC signal at higher kinetic energies in the XUV emission spectrum as a function of the time
delay, we obtained a CC trace representing a convolution of temporal profiles of the pump
and the probe pulses.

The results recorded with the bTiO, sample are presented in Fig. 2 (see left panel). A fit
of experimental data to a Gaussian profile yields a CC width of 98 fs (FWHM). This value
constitutes the time resolution in the pump-probe measurements. The right panels in Fig. 2
demonstrate the appearance of the laser-assisted ionization sideband in the kinetic energy
spectra. Here, the upper panel shows spectra recorded at time delays of 0 and £150 fs. Their
difference (see the lower panel) reveals the CC signal. The CC measurements also enabled

to define the delay stage position at which the pump and probe pulses overlapped in time in
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Figure 2: (Color online) CC measurements performed with the bare TiOy sample. Left panel:
the transient background-subtracted signal, the solid curve shows the fit of the CC trace to
a Gaussian profile. Top right panel: electron energy spectra recorded at —150 fs (green),
0 fs (blue), and +150 fs (yellow) time delays. Bottom right panel: difference between the
spectra obtained at zero and —150 fs (green) or +150 fs (yellow) time delays.

the interaction region. It is important to note that XUV spectra recorded at a given positive
or negative time delay of the same absolute value are identical. This means that the pump
beam does not initiate electron population dynamics in the bare samples and laser-assisted
ionization is the only process where it plays a role. Very similar results were obtained for
the bF'TO sample.

The peak intensity of the pump pulse was attenuated down to ~ 10'® W/cm? to prevent
excessive ionization of the sample by this beam. At such an intensity, only a small amount of
slow electrons was generated by the pump pulse and their contribution to the higher-energy
part of the XUV spectrum was negligible. The spectral shift due to the spatial charge
effect® was also negligibly small. This was verified by comparing the pump-probe spectra
recorded at negative time delays (the probe pulse arrives first to the interaction region) with
the steady-state XUV spectra. The negative-delay pump-probe spectra are, thus, used as a

background measurement in the analysis of transient spectra presented below.
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Ultrafast kinetics on dye-sensitized samples

The injection kinetics in the dye-sensitized samples was studied at the same experimental
conditions as described above. Fig. 3 shows the transient signal recorded for the N719/TiO,
and N719/FTO interfaces, respectively. The signal represents an electron yield integrated
in the background-subtracted XUV spectra over the range of binding energies between 1 eV
and -2 eV. This range lies above the HOMO band of N719 and encompasses the ionization
contributions from transient states excited by the pump beam. Pump-probe spectra for neg-
ative time delays were used as a background measurement. Both transients were obtained
with identical integration time and pump intensity and were not normalized. There is a dra-
matic difference in the electron population dynamics of the sensitized samples as compared
to the CC trace of bare samples, which is also reproduced in Fig. 3 by the gray line. Except
for short time delays in the vicinity of time zero, where the finite time resolution prescribes
the Gaussian shape of the transient signal, both curves in Fig. 3 exhibit a multicomponent
exponential decay. This decay, however, is different for the two samples, which enables us

to identify the unique properties of the electron transfer at the N719/TiO, interface.
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Figure 3: (Color online) Transient XUV ionization signal from sensitized TiOy (circles) and
FTO (triangles) samples. The inset shows the transient signal in a larger range of time delays.
The vertical line indicates a time delay beyond which the transient signal is dominated by
ionization from the SMLCT state. The solid lines represent fits to the transient signals. (see
section:Injection kinetics)

The main difference arises on the early time scale below ~ 2 ps, where the two transient
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dependencies exhibit a fast decay but clearly deviate from each other. At time delays larger
than 2 ps, both transients manifest similar slow decay that occurs on a time scale of several
picoseconds (see the inset in Fig. 3 for a larger delay range). In order to identify different
decay channels and to determine the binding energies of the involved transient states, we
consider separately the XUV spectra measured for the two distinct time domains: at time
zero and at time delays larger than 2 ps. These spectra are shown in Figs. 4(a) and (b),
respectively.

The long-lived species appears to have the same binding energy and decay rate for both
sensitized samples. Therefore, we assign this spectral component to population of the ther-
mally relaxed *MLCT state of the dye. This is in accordance with the known fact that
the triplet state manifests similar injection kinetics at different interfaces.!?4° Its binding
energy of 0.1 eV and a width of 0.8 eV were obtained from a fit of the energy peak to a
Gaussian profile (see Fig. 4(b)). The specified width represents a result of deconvolution
of the apparatus energy resolution from the fit value. It follows that the SMLCT state lies
0.2 eV below the conduction band minimum. Injection from this state, however, is possible
due to its large bandwidth, resulting in a partial energy overlap with the conduction band.

In order to reveal in more detail any differences in the early-time dynamics at the
N719/TiO, and the N719/FTO interfaces, the slow-decaying SMLCT energy peak was sub-
tracted from the spectra recorded at time zero. The results of subtraction are shown in
Fig. 4(c). One can see that the residual signal for the FTO sample is much smaller than
for the TiO5 sample, much more important the structure of the residual spectrum is differ-
ent for the two electrodes. Whereas for the FTO electrode the residual signal consists of a
single energy peak centered at a binding energy of —0.8 eV, a superposition of two peaks is
apparent in the TiOs residual spectrum. This was inferred from a fit of experimental data
to a sum of two Gaussian profiles. One of the peaks contributing to the TiOs spectrum
lies at the same binding energy of —0.8 eV as the single peak of the N719/FTO residual

spectrum. For both electrodes, the lifetime of this spectral component is nearly the same
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Figure 4: (Color online) Transient energy spectra of photoelectrons emitted from sensitized
TiOy (circles) and FTO (triangles) samples at (a) zero time delay and (b) at time delays
larger than 2 ps. The panel (c) shows the difference between spectra in (a) and (b). Vertical
lines indicate positions of the energy peaks attributed to ionization of the !MLCT, SMLCT,
and CB states. The individual contributions from the 'MLCT and CB states to the TiO,
spectrum are shown by dashed lines. Solid lines show results of superposition of the corre-
sponding number of energy peaks: 'MLCT, MLCT, and CB peaks in (a); *MLCT peak in
(b); 'MLCT and CB peaks in (c).

as the CC width (see discussion below). It is therefore attributed to the short-lived 'MLCT
state directly populated by the pump beam. Another peak contributing to the N719/TiO,
residual spectrum lies at a binding energy of —0.2 eV. It arises only in the spectra recorded
for the sensitized TiO, electrode and, thus, manifests the specific interaction between the
dye and the CB of semiconductor. Hence, we denote this peak by CB of TiOs,.

Since the OB peak is not apparent for the FTO electrode, we conclude that the '!MLCT—CB
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injection is weak and can be neglected. The weakness of this transition is a consequence
of the specific electronic coupling at the N719/FTO interface. This is in accordance with
the results of previous studies, where electron injection was found to be much slower for
nano-colloidal SnO, compared to TiOy3%324! Tt was argued that a possible reason could be
the much lower density of acceptor states of the FTO conduction band resulting in a smaller
probability for the electron transfer process. Considering the competing ultrafast relaxation
channel to the triplet state the total yield of electrons injected from the 'MLCT state, is

therefore highly suppressed.
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Figure 5: (Color online) Spectral decomposition of the transient signal shown in Fig. 3. Left
panel: TiO, signal is decomposed into the 'MLCT contribution (yellow) and the combined
contribution of MLCT and CB states (green). Right panel: FTO signal is decomposed into
the TMLCT (yellow) and *MLCT (green) contributions. The FTO signal is multiplied by
the factor 2.4 to account for the different surface coverage. The solid lines represent fits to
the transient signals. (see section:Injection kinetics)

Our measurement indicate that the energy level of the !MLCT state lies 0.7 eV above
the conduction band edge. Such a driving force is preferable for ultrafast injection.

It is important to note that although we apply a pump photon energy of 2.3 eV, the
energy difference between the center of the HOMO band and the *MLCT state is found to
be 3.0 eV. This means that the transition amplitude is larger for excitation on the higher-
energy side of the HOMO band. This fact is illustrated in Fig. 6 where the initial state from
which excitation takes place (denoted as ground state, GS) is depicted on the slope of the

Gaussian profile representing the HOMO band. Therefore, it is questionable whether it is
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possible to combine spectra obtained by means of PES and absorption spectroscopies, as it
was carried out in Ref.4? In that work, the absorption spectrum was shifted on the energy
scale to match the difference between the absorption and emission peak positions with the
photon energy.

The energy positions of the !MLCT, 3SMLCT, and CB peaks identified in Fig. 4 were
found to be independent of the time delay. Therefore, for each time delay the transient
spectra could be fitted to a sum of Gaussian profiles with fixed central energies. A sum of
three and two profiles were used for fitting the TiOy and FTO data, respectively. Using
this routine, we could decompose the integrated transient yield shown in Fig. 3 into its fast
and slow individual components. The results of this decomposition are shown in Fig. 5 for
the TiOy (left panel) and FTO (right panel) electrodes, respectively. Because of the small
energy difference between the *MLCT and CB peaks for TiO,, the fit could not provide
reliable amplitudes of their individual contributions. Instead, the transient signal for the
TiO, electrode was decomposed into a contribution of the 'MLCT peak and a combined
contribution of the SMLCT and CB peaks. For both electrodes, the transient !MLCT signal
has almost the same shape as the CC trace. This means that the lifetime of the 'MLCT
state is smaller than the experimental temporal resolution of 98 fs. The transient *MLCT
signal on the other hand exhibits a sharp increase at small time delays followed by a slow
decay on a picosecond scale (see the decomposition results for the FTO electrode in the right
panel of Fig. 5). However, the combined transient signal of MLCT and CB of TiO, reveals
an additional decay time constant. This decay, associated with the electron dynamics in the
CB of TiO», is faster than the decay of the SMLCT state. This important issue is discussed

in more detail below.

Injection kinetics

The results of the spectral decomposition of the transient signal were used to describe the

electron dynamics at the dye-semiconductor interface and to derive the time constants of
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Figure 6: (Color online) Injection model for TiOy (left side) and FTO (right side). The
vertical axis represents the energy scale. The energy positions of the ground (GS) and
excited singlet and triplet MLCT states of the dye are shown together with the energy
levels of the minimum CB energy (CBM) and the maximum valence band energy (VBM) for
TiOy and FTO. The HOMO band of the dye is depicted by a Gaussian profile. The solid
vertical arrow indicates the photoexcitation transition at 530 nm wavelength. Dashed arrows
indicate XUV ionization transitions. ki34 denote rates of population and decay transitions
considered in the model (see text).

involved electronic transitions. For this purpose, we have adapted the two-state injection

15,16 which is schematically depicted at the left side in Fig. 6. In

model by Asbury et al.,
this model, the initially populated non-thermalized 'MLCT state can either inject electrons
to TiO, with a rate k; or decay to the 3MLCT state with a rate ky. The decay rate ks is
determined by intersystem crossing, followed by thermalization of the triplet state. A direct
excitation of the 3MLCT state from the ground state of dye was found to be improbable at
the pump wavelength of 530 nm.'? The SMLCT state can inject electrons to TiO, with a

rate k3. In the transient spectra, however, the spectral component associated with electrons

injected to the CB from the triplet state is not distinguished. Therefore, in our analysis only
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the transient yield of injection from the singlet state, derived from the spectral decomposition
procedure, is considered. The recombination to the ground state of the dye was reported to
occur on a microsecond to millisecond time scale.*® Since this is a by orders of magnitudes
slower process compared to the injection channels, we disregard it in our consideration.
Dissipation of the injected electrons is described by a rate constant k4. The origin of this
decay will be discussed below. The electron dynamics at the N719/FTO interface (see the
right side of Fig. 6) are treated in a similar fashion, except that we do not consider the
'MLCT—CB transition as discussed above.

The electron population dynamics at the N719/TiO, interface can be described by the

system of differential equations:

ns = —(ki+ko)ns+ P(t),
ny = kong — kanr,
neg = king — kanes (1)

where ng T cp denote the populations of the 'MLCT, 3MLCT, and CB states, respectively,
and P(t) describes the time-dependent population rate of the 'MLCT state with the actual
temporal envelope of the pump pulse taken into account. One should stress again that ncg
describes the CB state populated via injection from the 'MLCT state and, thus, the rate
constant k3 is not involved in the third line of Eq. (1).

It is instructive to consider first the solution of Eq. (1) in the limit of long time delays,
t > 7cc, where the population ny(t) of the triplet MLCT state constitutes the transient
signal. Here 7¢c represents the CC width. In this limit, the term P(t) becomes negligibly
small and the solution for ny(t) can be found analytically. Taking into account that ks <

k1, ko, we obtain
ko

t - -
n()ock1+k2—k‘3

exp (—kst) . (2)
The same equation describes the population dynamics of the SMLCT state at the N719/FTO
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interface in the limit of long time delays. In this case the rate k; should be neglected, k; = 0,
since injection from the 'MLCT state to FTO is excluded. One should note again that the
decay rate ks of the SMLCT state is found to be the same for both TiOy and FTO electrodes.
It means that in the asymptotic time limit the ratio of populations of the triplet state at
the two interfaces is constant, nrpro(t)/nrmio,(t) = A (t = +00). Using the inequality

ks < ki, ko, from Eq. (2) we derive

ki
—=A-1.
. 3)

For the value A = 2.4 obtained from the experimental data (see section:Steady-state XUV
spectra), we find that the ratio of the competing injection and relaxation rates of the !MLCT
state at the N719/TiOs interface is k; /ko = 1.4. Thus, the injection rate into the CB is higher
than the decay rate. Our finding is in a good agreement with the previously reported ratio of
1.5.17 This supports the approximation made in our model, where we neglected the injection
channel from the 'MLCT state into FTO.

At shorter time delays, the temporal envelopes of the pump and probe pulses need to
be taken into account to reproduce the experimental results. In this case the system of rate
equations in Eq. (1) was solved numerically with the initial condition that all involved states
were unpopulated at ¢ — —oo. The ionization signal from the *MLCT, *MLCT and CB
states was calculated by convolution of ng(t), nr(t) and ncg(t) with the temporal envelope
of the probe pulse, assuming that the probe step is non-saturated. A Gaussian envelope
was assumed for both pump and probe pulses, with a constrain that their convolution yields
the measured CC trace. The numerical results were fitted to the spectrally decomposed
experimental data shown in Fig. 5, with rates ki 234 being as fit parameters. The fit routine
was applied to reproduce simultaneously the data sets obtained for both electrodes. In order
to account for the CC signal from the bare substrates, a CC trace centered at time zero was

added to the fit function and its amplitude was considered as an independent fit parameter.
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Table 1: Population (7,) and decay (7;) time constants of the 'MLCT, *MLCT,
and CB states obtained from the modeling of the electron dynamics with the
use of Eq. (1). The values obtained in the present work are given in comparison
with previously reported results. The binding energies (E,) of the states and
their widths (AFE,) are also presented.

State Ey (eV) AE,(eV) T Td
TMLCT —0.8 1.0 - (20 £ 10) fs
— 30 fs17
- (30 + 3) fs'6
CB —0.2 0.6 (50 £ 20) fs (250 + 30) fs
(50 + 6) fs17 R
< 100 fs'® -
SMLCT 0.1 0.8 (30 £ 20) fs (15 £ 2) ps

(75 + 10) fs17 -
(80 + 5) fis'® -
< 100 fs'® —

HOMO band 2.2 0.6

Table I summarizes the results obtained from the simulation of the population and relax-
ation electron dynamics at the N719/TiOy and N719/FTO interfaces. Here the population
and the decay time constants represent inverse values of the corresponding transition rates,
except for the decay of the 'MLCT state the time constant is represented by 1/(k; + ko).
The rather large error bars of the SMLCT and CB population time constants are due to the
limited time resolution in experiment. It prevents derivation of a convincing value of k;/ky
from the early-time dynamics simulation. The 7, value of 50 fs obtained for the '"MLCT—CB
transition is in a good agreement with the previously reported results, 7 though the pop-
ulation rate of the triplet state seems to be overestimated in the simulation. This is most
probably due to the presence of the CC signal in the transient spectra which spectrally
overlaps with the signal from the triplet state. The !MLCT state lifetime of 20410 fs could
also be derived by considering the minor broadening of the spectrally separated MLCT
component (see Fig. 5) as compared to the CC trace. This lifetime is in agreement with the
literature value of 30 fs.!%!7 The injection rate ks is found to yield the lifetime of 15 ps for

the 3MLCT state at both interfaces. In a previous investigation focusing on the injection
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kinetics from the SMLCT state it was shown that injection takes place on equal time scales
at both interfaces and is controlled by a similar electronic coupling mechanism.!'? Multiex-
ponential kinetics were measured ranging from several ps up to 100ps and are in agreement
with our findings.'*'6 The ultrafast populated CB peak exhibits a decay constant of the
order of 250 fs. Since this signal is due to electrons located at the semiconductor site, the
decay mechanism needs to be related to the CB properties. To date, results of studies on
the carrier relaxation dynamics in TiOy are sparsely presented in literature. By using the

1.4 reported on the capture of free

method of transient absorption spectroscopy, Tamaki et a
electrons into trap states at the semiconductor surface, occurring on a time scale of ~ 200 fs.
Such a dissipation mechanism could be particularly efficient in the present experiment due
to the enlarged surface area of the substrate. A similar decay time constant of 300 fs was
inferred from the measurements of carrier mobility with the use of time-resolved terahertz
spectroscopy.?® An alternative dissipation mechanism could be the electron escape from the
probed surface into the bulk. Indeed, photoelectron spectroscopy allows probing the electron
population within a surface skin layer of a few A thickness, and the escape mechanism could
well describe our observations. The kinetics of electron escape from surface was considered
by Gundlach et al.,*® who applied time-resolved photoemission spectroscopy with a 10 fs
time resolution to study charge transfer dynamics between catechol molecules adsorbed on
a rutile TiOy substrate. It was found that the escape kinetics is characterized by an initial
time constant below 10 fs, followed by a slower escape on a time scale of 50-100-fs and,
eventually, by a long-lived tail in a picosecond range. One should also note that the electron
motion direction with respect to the surface plays an important role in the escape kinetics,
as reported by Rego et al.%” on the basis of quantum-dynamics calculations. It was pre-
dicted that an injected electron diffuses into the [101] bulk direction on a 100 fs time scale.
Considering the random surface orientation of nano-colloidal particles used as the substrate
in the present experiment, we find a good match between this value and the reported here

time constant of the CB signal decay.
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Summary

We have demonstrated that transient XUV photoemission spectroscopy is advantageous in
revealing simultaneously both the injection kinetics at a dye-semiconductor interface and
the energy structure of this complex system. With the use of this method, we identified
for the first time directly the absolute binding energies of the singlet and triplet excited
MLCT states of the N719 dye which are involved in the electron dynamics following the
photoexcitation event. The singlet state is found to lie at 0.7 eV above the conduction band
minimum, which gives rise to a strong force for injection from this state. The triplet state
lies 0.2 €V below the conduction band. Injection from the triplet state, thus, occurs due to
a partial energy overlap with the conduction band, leading to a slow kinetics of the electron
transfer. It is important to note that the energy difference between the center of the HOMO
band and the center of the '\MLCT band is 3.0 eV, which is by 0.7 eV larger than the photon
energy at the absorption maximum of the dye. The spectral decomposition of the transient
emission signal allows the ultrafast population and decay dynamics of the excited states
to be followed individually. For the N719/TiO, interface, contributions from the directly
excited !MLCT state, the CB state of injected electrons, and the thermally relaxed SMLCT
state were identified. By comparing results obtained for the N719/TiOy and N719/FTO
interfaces, we could unambiguously reveal the kinetics of injected electrons at the CB site.
The ultrafast injection to TiO, was confirmed to occur from the non-thermalized 'MLCT
state, whereas the injection yield from this state was found to be negligible for the FTO
electrode. The time constants of the population and decay dynamics inferred in this study
are in a good agreement with the values reported in literature. Considering the dissipation
of injected electrons at the CB site, both the electron trapping and the electron escape
models could interpret our observations. Further investigations are needed to determine the

probable dissipation mechanism.
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