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ABSTRACT: Ultrafast interfacial electron transfer in sensitized solar cells has
mostly been probed by visible-to-terahertz radiation, which is sensitive to the free
carriers in the conduction band of the semiconductor substrate. Here, we
demonstrate the use of deep-ultraviolet continuum pulses to probe the interfacial
electron transfer, by detecting a speciﬁc excitonic transition in both N719sensitized anatase TiO2 and wurtzite ZnO nanoparticles. Our results are
compared to those obtained on bare nanoparticles upon above-gap excitation.
We show that the signal upon electron injection from the N719 dye into TiO2 is
dominated by long-range Coulomb screening of the ﬁnal states of the excitonic
transitions, whereas in sensitized ZnO it is dominated by phase-space ﬁlling. The
present approach oﬀers a possible route to detecting interfacial electron transfer in
a broad class of systems, including other transition metal oxides or sensitizers.

■

INTRODUCTION
In the past decade, interfacial electron transfer (ET) between
adsorbates and semiconducting transition metal oxide (TMO)
substrates has been subject of huge interest for applications in
solar energy conversion1−4 and photocatalysis.5−7 In the former
case, dye-sensitized solar cells (DSSCs), consisting of a dye
molecule adsorbed onto the surface of a mesoporous TiO2 ﬁlm,
have been the most explored systems. Alternative schemes for
charge injection, using metallic (e.g., gold) nanoparticles
(NPs)8,9 or hybrid perovskite thin ﬁlms as sensitizers of the
TMO10−15 are also being intensely studied. In all these
schemes, crucial for the optimization of the photovoltaic
eﬃciency is a thorough understanding of the mechanisms and
time scales for charge injection from the sensitizer into the
conduction band (CB) of the TMO substrate, and of the way
charge carriers evolve in the latter. This has called for the
development of experimental methods capable of selectively
probing the dynamics of interfacial ET with high temporal
resolution.
Time-resolved photoluminescence (PL) spectroscopy allows
one to measure the radiative recombination processes in the
sensitizer and to associate their quenching with the injection
rate;16−20 however, this approach can be ambiguous, as other
quenching mechanisms may aﬀect the dye, especially at long
time scales. Transient absorption spectroscopy from the visible
to the terahertz (THz) range probes the absorption of the
injected electrons,9,21−33 which can remain free in the CB or
undergo trapping at defects and impurities.30 However, the
interpretation of the spectra is complicated by the overlap
between absorption bands of diﬀerent states of the adsorbate
(ground, singlet, triplet and corresponding oxidized forms).
© XXXX American Chemical Society

More importantly, the featureless nature of the free-carrier
absorption in the TMO substrate hinders the extension of this
technique to the case of solid-state sensitizers, because the
signal from the TMO is overwhelmed by the intrinsic freecarrier absorption of the photoexcited sensitizer.34 Recently,
time-resolved X-ray absorption spectroscopy has been
implemented to probe the ET into the TMO.38−35 While
providing an unambiguous ﬁngerprint of the ET, this technique
is mostly sensitive to localized charges in the TMO, because it
maps the change of oxidation state of the metal. Furthermore, it
can only be implemented at large-scale facilities such as
synchrotrons or free-electron lasers.
An unambiguous, universal and laboratory-based probe of
charge injection is therefore needed. In this regard, a simple and
novel methodology can be based on the detection of speciﬁc
spectroscopic signatures of the TMO of interest, as opposed to
the rather featureless and nonspeciﬁc intraband absorption of
free carriers in the CB. Natural candidates for such signatures
are the high-energy excitons and interband transitions of the
substrate, which in TMOs typically lie in the deep-ultraviolet
(UV) below 400 nm (above 3.10 eV). A similar approach was
recently implemented in the visible range by Wachtveitl and coworkers,40 who detected the excitonic transitions of CdSe
quantum dots after selective photoexcitation of a surface-bound
alizarin dye injecting an electron. Demonstrating this methodology in the deep-UV has two main advantages: (i) In TMOs,
upon electron injection into the CB, speciﬁc excitons and
interband transitions can undergo pronounced changes through
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various mechanisms, e.g., phase-space ﬁlling (PSF), Coulomb
screening (CS), etc. Thus, appearance of these features in a
visible pump/deep-UV continuum probe experiment provides a
distinct signature of ET from the sensitizer, allowing one to
monitor the evolution of the electrons in the CB; (ii) The
deep-UV region is weakly aﬀected by the free-carrier absorption
signal, which scales as λp within the extended Drude model
(where p > 1 accounts for the scattering mechanisms that
dominate in the material).39 Although femtosecond deep-UV
monochromatic pulses have been generated at wavelengths as
short as 227 nm,41 crucial for these experiments is the
availability of broadband continuum pulses that can span the
entire contour of the excitonic bands of TMOs. These pulses
were recently demonstrated in the framework of ultrafast
transient absorption and two-dimensional deep-UV spectroscopy.42,43
Using this technique, here we show that the electron
injection from an external dye into the CB of two typical
TMOs for DSSC applications results in a pronounced
modiﬁcation of their excitonic transitions. We use the cisdi(thiocyanato)bis(2,2′-bipyridyl-4,4′-dicarboxylate)ruthenium(II) dye, known as N719, and both anatase TiO2 and wurtzite
ZnO NPs substrates. We observe that the broadening of the
ﬁrst exciton band dominates in the case of anatase TiO2,
consistent with the presence of long-range CS by the injected
electron density, whereas PSF dominates in wurtzite ZnO.
These results oﬀer a new methodology that can be applied to
diﬀerent samples (other TMOs and/or diﬀerent sensitizers) to
unambiguously probe interfacial ET.

upon excitation of its 1MLCT state at 550 nm (2.25 eV) is
shown in Figure 2a displaying the resulting color-coded

Figure 2. (a,c,e) Color-coded maps of ΔA as a function of probe
wavelength and time delay between pump and probe. (b,d,f) ΔA
spectra at selected delays of 1 ps (red curves), 100 ps (violet curves)
and 800 ps (blue curves). (a,b) Visible pump/UV-probe ΔA on the
dye N719 in solution excited at 550 nm, with a ﬂuence of 40 μJ/cm2.
(c,d) UV pump/UV probe ΔA on a colloidal solution of bare anatase
TiO2 NPs, excited at 306 nm with a ﬂuence of 176 μJ/cm2. (e,f)
Visible pump/UV probe experiment on a colloidal solution of N719
dye-sensitized anatase TiO2 NPs, excited at 550 nm with a ﬂuence of
168 μJ/cm2.

■

RESULTS AND DISCUSSION
The experimental methods are described in S1 and S2. Figure 1
shows the steady-state absorption spectra of the diﬀerent

diﬀerential absorption (ΔA) map as a function of probe
wavelength and time delay between the visible pump and deepUV probe (at a ﬂuence of 40 μJ/cm2). Figure 2b shows the
transients at speciﬁc time delays. A prominent negative feature
appears between 295 and 325 nm, which corresponds to the
bleach of the ligand-centered (LC, Figure 1) band due to
depopulation of the ground state by the pump pulse. The
regions to the blue and the red side of this bleach band are
positive. All features (positive or negative) exhibit a long
temporal behavior (Figure S2), characteristic of the promptly
populated (≤30−40 fs45,46) 3MLCT state.44 This implies that
the positive features in Figure 2b are due to an excited state
absorption of the 3MLCT state. The weak evolution at early
times of all features in Figure 2a is due to vibrational cooling
processes.47
We now turn to the case of bare anatase TiO2 NPs in an
acidic aqueous solution. As the indirect optical band gap of the
material lies at 387 nm (3.20 eV), we pump the sample at 306
nm (4.05 eV) to excite uncorrelated electron−hole pairs via
direct interband transitions. Figure 2c shows ΔA as a function
of probe wavelength and time delay between the UV pump and
probe pulses (at a ﬂuence of 176 μJ/cm2). Figure 2d shows
transients at speciﬁc time delays. A strong (ΔA ∼ 10−2)
negative signal appears over the entire probe range, with a
pronounced feature centered around 320 nm (3.87 eV), which
undergoes a clear recovery over the measured 800 ps range
(Figure 2d). This feature corresponds to the direct exciton of

Figure 1. Steady-state absorption spectra of (a) N719 dye (green
curve) in DMF, the colloidal solution of bare anatase TiO2 NPs (blue
curve) in acidic water and the colloidal solution of dye-sensitized
anatase TiO2 NPs (red curve) in DMF; (b) N719 dye (green curve) in
DMF, the colloidal solution of bare wurtzite ZnO NPs (blue curve) in
ethanol and the colloidal solution of dye-sensitized wurtzite ZnO NPs
(red curve) in ethanol. The pump wavelength of 550 nm (2.25 eV)
used for the pump−probe experiment is indicated by the green arrows
and the probed broadband UV region is highlighted as a gray shaded
area. The assignments of the MLCT bands and the LC band are also
speciﬁed.

samples investigated here (discussed in S3). We ﬁrst present
the results obtained for the constituents of the sensitized
system before describing those of the latter.
Excitation of the singlet metal-to-ligand charge-transfer
(1MLCT, green arrows in Figure 1) state of N719 molecules
in a dimethylformamide (DMF) solution leads to population of
the 3MLCT state, which has a lifetime of 20 ns.44 The deep-UV
(shaded area in Figure 1a) transient response of the dye system
B
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anatase TiO2,48 which has a large binding energy of ∼180 meV
as recently demonstrated in ref 49. It is hidden in the steadystate absorption spectrum of colloidal TiO2 NPs (blue curve,
Figure 1a) due to the strong scattering of the UV light.49,50
These scattering eﬀects are canceled in a pump−probe scheme,
thus allowing one to reveal the contours of the excitonic
feature.49 The negative signal is due to the bleach of the
excitonic resonance because the CB ﬁnal states involved in the
formation of the exciton are ﬁlled upon direct band gap
excitation (vide infra). The strength of the bleach depends on
the density of the photogenerated carriers, therefore its decay
reﬂects the recombination kinetics. We also performed a pump
ﬂuence dependence study of the bleach signal by tuning the
photoexcited carrier density between 8.0 × 1019 and 8.4 × 1020
cm−3 (see Figure 4a,b in ref 51). The maximum signal
amplitude is found to scale linearly in the investigated ﬂuence
regime and the width of the exciton line shape slightly increases
as a function of photoexcited carrier density. Moreover, to rule
out multiphoton absorption processes in the measurements on
the dye-sensitized anatase TiO2 (shown below), we also
investigated the bare anatase TiO2 NPs upon below-gap
photoexcitation at 400 nm (3.10 eV) and 550 nm (2.25 eV).
No signal is detected even at ﬂuences as high as 34 mJ/cm2.
This observation also implies that defect-assisted transitions
contributing to the tail of the steady-state absorption spectrum
are not suﬃcient to induce a detectable bleach of the excitonic
transition.
Now, we analyze the case of N719-sensitized anatase TiO2
NPs dispersed in DMF. We excite the 1MLCT state of the dye
at 550 nm (2.25 eV) and probe in the deep-UV range. Figure
2e shows ΔA as a function of probe wavelength and time delay
between the visible pump and the UV probe, and Figure 2f
shows transient spectra at speciﬁc time delays. The latter exhibit
the same shape as in the case of bare TiO2 NPs (Figure 2d),
except that the signal now spans a region of negative (between
312 and 325 nm) and two regions of positive absorption (on
both sides of the negative signal). Moreover, the overall signal
is about 2 orders of magnitude smaller (ΔA ∼ 10−4) than the
one obtained in the case of bare anatase TiO2 NPs. We also
performed a ﬂuence dependence between 80 and 340 μJ/cm2
(Figure S3). The transients at diﬀerent pump ﬂuences are
compared in Figure S4 and they reﬂect the same behavior: The
positive and negative signal amplitudes scale linearly with
ﬂuence. The normalized transients at ﬁxed time delay (Figure
S4b) show a slight broadening of the feature at 320 nm with
pump ﬂuence.
By comparing the transient spectra at 1 ps (rescaled for
clarity) obtained from the three separate experiments in Figure
3a, we conﬁrm the almost analogous spectral response of bare
and sensitized anatase NPs, except for a vertical shift and the
above-mentioned orders of magnitude diﬀerence in signal
amplitude. In contrast, no common features are shared with the
response of the N719 dye under identical excitation conditions.
This clearly points to charge injection from the dye into the
anatase TiO2 NPs that leads to changes of the excitonic feature.
The occurrence of charge injection is further conﬁrmed by
Figure 3b, which shows the kinetics of the signals at 320 nm for
both bare and dye-sensitized NPs. The negative signal of the
bare NPs has a resolution-limited rise (τNP1 ∼ 150 fs), which is
due to the electron−hole cooling to the band edges.51 Then,
the signal amplitude decays on the ps to hundreds of ps time
scale, due to recombination of uncorrelated electron−hole pairs
across the band gap of the material. Fits with four exponential

Figure 3. (a) Comparison of the ΔA spectra measured in the three
separate experiments of Figure 2 at a time delay of 1 ps. The transient
spectrum of the dye N719 is shown in green, the one of the bare
anatase TiO2 NPs in blue, and the one of the dye-sensitized anatase
TiO2 NPs in red. (b) Comparison of the normalized ΔA temporal
traces at a probe wavelength of 320 nm. The temporal evolution of the
bare anatase TiO2 is shown in blue, the one of the dye-sensitized
anatase TiO2 NPs in red. Dots represent experimental data points,
solid lines are ﬁttings (see text). (c) Comparison of the ΔA spectra
measured in the wurtzite ZnO related experiments. The transient
spectrum of the dye N719 is in green (1 ps after excitation, ﬂuence 40
μJ/cm2). The transient spectra of bare (blue, ﬂuence 63 μJ/cm2) and
dye-sensitized (red, ﬂuence 740 μJ/cm2) wurtzite ZnO are given 1 ns
after excitation. (d) Comparison of the time traces measured at 365
nm in the case of bare ZnO NPs under 295 nm excitation (blue curve)
and N719 dye-sensitized ZnO NPs under 550 nm excitation (red
curve). Dots represent experimental data; lines are ﬁts.

functions provide time constants of τNP2 = 1.6 ± 0.12 ps, τNP3 =
10 ± 1.4 ps, τNP4 = 50 ± 1.7 ps and τNP5 = 423 ± 15 ps, as
reported in ref 51. Because anatase TiO2 is an indirect band gap
insulator, the recombination proceeds slowly and can be
accelerated only through the assistance of defect and impurity
states.49 In the case of dye-sensitized NPs, the signal (Figures
3b and S5) in the central (negative) part of the spectrum also
appears promptly, which indicates the presence of a dominating
sub-ps component in the charge injection from the external
dye. Thereafter, the response undergoes a further growth. The
kinetic traces of the positive and negative regions of the
transient spectra are shown in Figure S5. The positive parts
exhibit a prompt rise followed by a multi-exponential decay.
The responses of the positive and negative parts can be globally
ﬁt using the same set of time constants: a resolution-limited
rise, τD1 ∼ 150 fs, and decay/rise (positive/negative parts,
respectively) components, τD2 = 22 ps and τD3 = 1.1 ns. This
suggests a common origin for the growth and decays of the
various parts of the signal, which we rationalize below.
Previous visible23,29,33,53 and THz24 transient absorption
studies on N719- or N3-sensitized TiO2 reported a multimodal
electron injection: A prompt one at very short times (≪100 fs)
from the initially accessed Franck−Condon 1MLCT state,
followed by slower injection from the rapidly populated20 longlived 3MLCT state, with typical time scales of 1, 10, 60 and
>200 ps. The time scales we extract from Figures 3b and S5
reﬂect this multimodal injection regime. For the purpose of our
discussion, we remark that these long time scans suﬀered from
drifts that caused the modulations around 50 and 550 ps. As
such, the extracted time scales oﬀer only a qualitative indication
of the kinetics, but this does not aﬀect our conclusions.
C
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PSF. This overwhelms any positive signal associated with freecarrier absorption and it results in a negative signal over the
entire spectral range (Figure 2c,d). On the other hand,
broadening of the excitonic band is caused by CS, which we
observe in the pump ﬂuence dependence.51 This is further
supported by the similar shape of the transient signal in
sensitized NPs (Figure 3a). Thus, for bare NPs, the transient
signal is dominated by PSF and CS. In contrast, in the case of
dye-sensitized NPs, PSF becomes extremely weak, as the
electron density is 2 orders of magnitude smaller (<1018 cm−3,
see S4), and it is expected to be located mostly at the bottom of
the CB at the Γ point in contrast to the above-gap excitation
where a large number of states along the Γ-Z reciprocal
direction are involved (Figure 4). Under these conditions, longrange CS is the only signiﬁcant eﬀect on the excitonic transition
and, because it results in a broadening of the excitonic band, the
transient adopts a second derivative-like shape with a negative
central part and two positive contributions in the wings.
However, in Figure 2f, the area under the positive parts of the
signal is larger than in the negative one, implying the presence
of an additional positive contribution, which is due to residual
weak free-carrier absorption in the deep-UV (the free-carrier
absorption scales as λp as indicated above). The dominant
contribution due to long-range CS also explains the kinetics of
the positive and negative parts of the signal shown in Figure S5.
Indeed, the initial (<100 fs) injection promptly generates the
negative and positive parts due to broadening of the exciton
line shape. Further injection on multiexponential time scales
will accentuate the broadening, generating a more pronounced
negative part but decreasing the amplitude of the positive
wings. Thus, whereas the negative part continues growing in
amplitude, the positive wings ﬁrst promptly increase, then
decrease as seen in Figure S5. However, the time constants in
all three parts of the signal should be identical, as is actually the
case. Another signature of the enhanced broadening is provided
by the temporal evolution of the zero-crossing energies in
Figure 2f. A pictorial representation of the deep-UV based
detection of the ultrafast ET dynamics in sensitized TiO2 NPs
is provided in Figure 4.
To extend the present approach to other systems, we also
investigated the case of wurtzite ZnO NPs. Its main diﬀerence
with anatase TiO2 resides in its direct band gap (Figure 4), with
the minimum energy required for the optical excitation of 360
nm (3.44 eV) at the Γ point.56,57 The steady-state spectra of the
bare and dye-sensitized ZnO NPs are given in Figure 1b. The
resonance at ∼365 nm is due to a direct exciton with a binding
energy of ∼60 meV.58 Upon N719 dye adsorption, the
absorbance increases below the optical band gap mainly
because of the modiﬁcation of the scattering cross section of
the NPs in the low dye coverage limit. The MLCT transition at
540 nm becomes visible with increasing concentration (Figure
S1b).
Figure 3c shows the transient spectrum of bare wurtzite ZnO
NPs pumped at 295 nm (4.20 eV), well above the optical gap of
the material to excite uncorrelated electron−hole pairs (ﬂuence
63 μJ/cm2). The transient signal exhibits a negative Lorentzian
line shape centered at the exciton position around 365 nm. The
kinetic trace of the transient spectrum (blue curve, Figure 3d)
shows a prompt appearance of the bleach followed by a
multiexponential recovery exceeding several ns, in agreement
with PL studies.59,60 The ﬁt provides time constants of τNP1 =
1.1 ± 0.1 ps, τNP2 = 87.6 ± 1.0 ps and τNP3 = 3.9 ± 0.4 ns for
the decay. The initial ps time constant was reported by time-

To rationalize the diﬀerence in transient spectra obtained
upon above-gap excitation and charge injection, we ﬁrst rule
out the involvement of the dye on the spectral response of
Figure 2e,f. The lack of an LC bleach can be explained by the
fact that the dye coverage of the NPs is such that their
concentration is very low (see S1) and their signal is very weak.
Furthermore, the LC band around 310 nm is not sensitive to a
change of the Ru oxidation state.54
We now link the results obtained on bare and sensitized
anatase TiO2 to the details of the band structure of this TMO
(Figure 4). In anatase TiO2, the top of the VB is close to the X

Figure 4. Schematic representation of the deep-UV based detection of
the ultrafast ET dynamics in sensitized TiO2 (left) and ZnO (right)
NPs. The pump photon at 550 nm (green arrow) excites the MLCT
state of the N719 dye, which then injects an electron directly into the
CB of anatase TiO2 or forms an interfacial charge-transfer complex
(ICTC) at the wurtzite ZnO surface. The broadband deep-UV pulse
(violet arrows) probes the exciton features at 320 and 365 nm for
TiO2 and ZnO, respectively. The direct transitions contributing to this
collective state lie in the middle of the Γ-Z region of the Brillouin zone
of anatase TiO2. The sharp exciton line in wurtzite ZnO comes from
the Γ point of the Brillouin zone. The band structure of anatase TiO2
has been adapted from ref 48, the one from wurtzite ZnO from ref 52.

point of the Brillouin zone (BZ), whereas the bottom of the CB
lies at the Γ point.49 The exciton state is a collective excitation
arising from a manifold of direct interband transitions in the
middle of the Γ-Z direction, in which the CB and VB
dispersions are almost parallel. In contrast, based on symmetry
arguments, the states around the Γ point are not expected to
participate to the exciton transition.48,49 In the case of abovegap excitation of bare anatase TiO2, the transient spectral
response can be understood as the combination of two optical
nonlinearities: PSF and long-range CS.55 PSF causes a
reduction of the exciton oscillator strength by reducing the
number of single-particle states contributing to the transition. It
is akin to bleaching in molecules but, in solids, the occupancy of
both the VB and the CB may contribute to the signal, especially
in the case of an indirect band gap material like anatase TiO2.
Long-range CS causes a broadening of the exciton line width, as
supported by our steady-state absorption spectra as a function
of n-doping49 and by the dependence of the exciton line width
with pump ﬂuence mentioned above.51 In the bare NPs, the
density of electrons in the CB is high enough (>5 × 1019 cm−3,
see S4) to ﬁll the single-particle states involved in the excitonic
transition, and the signal is dominated by the contribution of
D
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resolved THz,61 PL62 and transient reﬂectivity,63 commonly
assigned to the initial relaxation of the electron−hole plasma.
The longer time constants widely diﬀer depending on
excitation conditions and sample preparation as shown by
time-resolved PL.60,62,64
The transient signal of the dye-sensitized wurtzite ZnO NPs
upon 550 nm excitation (ﬂuence 740 μJ/cm2) is also shown in
Figure 3(a). It exhibits a negative (bleach) region centered at
310 nm with positive wings, which reﬂect the transient
absorption spectrum of the N719 molecules. These features
have the same kinetics as the molecule in the solvent (Figure
S6) and are therefore due to species not bound to ZnO NPs. In
addition, a negative signal appears at ∼365 nm, which coincides
with the ﬁrst exciton seen in bare ZnO NPs. It increases in
amplitude over time as shown by the temporal trace (red
curve) in Figure 3b. The slow rise of the bleach signal occurs on
a time scale of several tens to hundreds of ps (ﬁts provide τD1 =
64 ps and τD2 = 590 ps), as already reported using THz,65 midinfrared,66 near-infrared24,67−69 probes of injection from
diﬀerent dye sensitizers. The formation of an interfacial
charge-transfer complex at the ZnO surface has been invoked
to explain this signal growth.24,66,68,70−72 We will revisit it in
detail in a separate paper. Because the transient signal of the
dye has a positive contribution in the spectral range of the
exciton in ZnO (Figure 3a), the signal above 340 nm is
unambiguously due to the bleach of the excitonic transition in
ZnO. The maximum amplitude of this signal at 1 ns after
excitation is approximately 1 order of magnitude lower than in
the bare ZnO, in line with our estimate of the number of
injected charge carriers relative to the bare NP case (see S4).
Note that in sensitized ZnO, diﬀerent from anatase TiO2, the
bleach band does not exhibit a second derivative-like shape,
which rules out CS. Instead, the main signal is negative and
sharp, pointing to a dominant PSF contribution that is a
consequence of the electron relaxation near the Γ point and
subsequent exciton bleaching. This important result underlines
the fundamental diﬀerence of the optical nonlinearities between
indirect (e.g., anatase TiO2) and direct (e.g., wurtzite ZnO)
band gap insulators. The dynamics of the electron injection into
the CB of ZnO NPs can be monitored from this negative signal
and show the generality of our methodology to exploit highenergy excitations in TMO substrates as a spectroscopic
ﬁngerprint of electron injection. A schematic representation of
the electron injection in dye-sensitized ZnO is given in Figure
4.52

in the case of solid-state sensitizers, as the absorption of the CB
electrons in the sensitizer is strongly reduced in the deep-UV.
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■

CONCLUSIONS
In summary, our results demonstrate the use of the deep-UV
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