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ABSTRACT   

Dye-sensitized metal oxide (dye-MO) mesoporous films are promising building-blocks in the field of 

solar energy conversion. At the dye-MO interface, the kinetic competition between donor-to-acceptor 

electron transfer (ET), and other recombination and relaxation channels, largely determines the 

efficiency in photocatalytic and photovoltaic devices. Since the signals arising from an ET process and 

those linked with detrimental kinetical deactivation channels in conventional time-resolved 

spectroscopy techniques have often the same exponential fingerprint, it is still challenging to 

unambiguously characterize ET lifetimes on these architectures. Following previous works on sensitized 

oxides architectures, we show that by combining the information gathered in a sample when employing 

two complementary pump-probe methods, one sensitive to the photo excited electron depopulation in 

the dye donor, and another sensitive to the photo induced electron population in the MO acceptor, it is 

possible to remove any ambiguity in the determination of the ET rates in a dye-MO system. Specifically, 

we have employed Fluorescence Up-Conversion Spectroscopy and Time-Resolved Terahertz 

Spectroscopy in a Coumarin 343-Tin Oxide (C343-SnO2) mesoporous film to unambiguously resolve 

two independent non-interacting ET channels with characteristic ET rates and relative amplitudes almost 

quantitatively matching within error. Our approach stress the potential of combining complementary 

spectroscopy techniques as a reliable procedure for the characterization of ET in sensitized systems and 

hence might contribute to the development of improved efficiencies in optoelectronic devices. 

Keywords: Dye-Sensitized Metal Oxide, Fluorescence Up-Conversion Spectroscopy, Time-Resolved 

Terahertz Spectroscopy, Electron Transfer  
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INTRODUCTION 

The direct conversion of solar power into electricity and fuels is expected to play a key role in 

the future development and implantation of efficient, economically viable and environmentally friendly 

photovoltaic and photocatalytic energy sources. Among the proposed architectures to achieve this goal, 

designs based on dye sensitized mesoporous metal oxides (dye-MO) represent an appealing route that 

has been widely scrutinized.1-5 While quantum efficiency measurements on complete dye-MO based 

devices (dye-sensitized solar cells, DSSCs) enable the quantification of their global performance,6-7 such 

measurements are often insufficient to disentangle the fundamental kinetical processes that might 

ultimately limit device efficiency.8-11 However, the interpretation of kinetic results arising from 

commonly employed time-resolved spectroscopy techniques are as well complicated: many detrimental 

deactivation pathways after photon absorption in the sensitizer share the same fingerprint, an exponential 

decay, as the signal of interest (i.e. electron transfer from the donor to the acceptor).11-13  

Normally, the protocol employed in pump-probe techniques for characterizing ET rates in 

sensitized systems realizes a comparison between the dynamics resolved on the isolated donor, and those 

resolved in the sensitized metal oxide. Inferring the ET from this data is achieved, in simple terms, by 

subtracting the rates constant from both traces.14 While valuable, this approach assumes implicitly that 

the only deactivation channels activated in the donor after MO functionalization are related to favorable 

ET towards the acceptor. However, there are examples in the literature that challenge this view,14 

showing that other deactivation pathways are viable and measurable by the most commonly used 

time-resolved spectroscopy techniques.15-18 Therefore, a quantitative assessment of the interfacial 

dynamics in dye-MO systems still remains as a challenging task. 

A strategy to overcome the ambiguity in characterizing electron transfer in sensitized systems 

relies on the combination of two complementary time resolved techniques, where one technique gives 

access to donor dynamics and the other monitors acceptor kinetics. The validity of such an approach has 

been already demonstrated in dye, iron complexes and quantum dots sensitized systems.19-23 In this 

work, we employ this approach by combining Fluorescence Up-Conversion Spectroscopy (FLUPS) and 

time resolved THz spectroscopy (TRTS) for the unambiguous characterization of ET rates and process 

efficiency in a sensitized interface. In contrast with former works employing transient absorption (TAS), 

which can provide in occasions mixed signals from both donor and acceptor in the probed frequency 

window,24-25 FLUPS retrieves time-resolved emission spectra only from the molecular dye donor.26 

Therefore, we expect the combination of FLUPS and TRTS to facilitate the comparison of dynamics 

selectively probed in the donor and acceptor respectively. Specifically, we have employed this 

methodology in a model system consisting of a Coumarin 343 dye (C343) sensitizing a tin oxide (SnO2) 

mesoporous film, an interface not previously studied under this methodology. From the characterization 

protocol we can unambiguously conclude that ET is biphasic in the analyzed system, i.e. there are no 

extra deactivation pathways towards the oxide electrode once it is functionalized by the dye donor. 
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Quantitatively, from the combination of both ultrafast methods, we resolved two ET channels that 

present characteristic lifetimes (and relative amplitudes) of 1.4 ± 0.1 ps (77 ± 5 %) and 17 ± 1 ps (23 ± 

5 %), respectively. Thus, the combination of TRTS and FLUPS is presented here as a reliable approach 

for the rational characterization of sensitized systems. Hence, we believe that such methodology might 

contribute to a better understanding of the fundamentals of photoinduced ET in sensitized systems, 

leading to improved photoconversion efficiencies in related optoelectronic devices. 

METHODS 

Fabrication of the C343-SnO2 film. To fabricate the MO layer, we first prepare a SnO2 paste via 

the sonication method as described by Cheema et al.27 We then cast the SnO2 paste onto a fused silica 

substrate by the doctor blade technique. Using a scotch tape with a known thickness (50 μm/layer), we 

estimate a ~0.25 mm thickness for the SnO2 paste before sintering. The SnO2 paste is sintered by a two-

step annealing process: 1) increase from room temperature to 150ºC in 20 min, then keep the temperature 

for 1 hour; 2) increase from 150ºC to 600ºC in 1 hour and maintained for 2 hours (see S114), before 

letting the sintered SnO2 film cool to room temperature.  

To obtain the dye-MO film, the SnO2 films are heated again from room temperature to 150ºC in 20 

min, and keep it for 1 hour and then immersed in a 0.3mM solution of C343 in a 1:1 acetonitrile:ethanol 

mixture. The carboxylate group of the C343 leads the anchoring of the dye to the MO. To ensure a good 

C343 coverage level, we keep the samples in the solution for about 20 hours. After that, the resulting 

C343-SnO2 film is rinsed multiple times with EtOH to remove the excess unanchored dye and left to 

dry under a controlled air flow in a fume hood. The resulting C343-SnO2 film has a 10-15 μm thickness 

and a surface roughness of several hundreds of nanometers (see S2).  

Fluorescence Up-Conversion Spectroscopy. FLUPS is a convenient tool to characterize the 

photo-excited electron population in the dye LUMO by monitoring changes in the FL spectra when it is 

in competition with the ET. To time-resolve the FL, FLUPS produces a cross-correlation between the 

FL and gate femtosecond laser pulse, thus giving an up-converted FL spectrum with sub-ps resolution.28 

The SnO2 alone is not expected to give any additional contribution to the FL since its energy gap is 

larger than the pump pulse (see S3). The determination of the ET rates in sensitized systems from FL is 

often done by subtracting the decay rates before and after MO sensitization.14 This protocol assumes 

that any change in the FL is due to the introduction of an ET channel when the MO is sensitized by the 

dye. However, this approximation excludes the possibility that the sensitization adds new non-radiative 

recombination channels, such as those linked to dye aggregation,11,29-30 which might go unnoticed or 

neglected. Since the temporal trace of the FL after sensitization typically follows multi-exponential 

decays, the employment of a FLUPS characterization alone represents a challenge for disentangling the 

relevant ET components from the collected data.26 

We have carried out FLUPS measurements with a commercial spectrometer (HALCYONE, 

Ultrafast Systems) described elsewhere.31 The fundamental output (100 fs and 1 mJ per pulse, λ = 800 
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nm, 1 kHz repetition rate) of a CPA Ti:sapphire laser (Spitfire, Spectra-Physics) is split into two beams. 

The first is attenuated and used as a gate (ωgate). This pulse goes through a double-pass delay stage, 

which allows a time-resolved trace on a 3 ns window with a time resolution of ~1 ps. The second beam 

is sent through a 1 mm slab β-barium borate crystal (BBO) for second harmonic generation (400 nm) 

and used as a pump (ωpump). This beam is then attenuated to the desired pump fluence with a variable 

ND filter. Then, to photoexcite the sample and induce the FL (ωFL), the pump beam follows two different 

geometries. A transmission geometry, with a tighter 49 μm diameter spot, has been preferred for the 

C343 in an EtOH solution. For the C343-SnO2 interface a reflection geometry is used, focusing the 

pump on a 150 μm diameter spot (see S4). Furthermore, we have used a half-wave plate to obtain a 

magic angle configuration (54.7º) between the polarization of the pump and gate pulses. For both types 

of samples, we have filtered out the residual pump photons after the sample with a 420 nm long-pass 

filter. Then, the FL and the gate pulses are focused into a 0.1 mm slab BBO, where the sum frequency 

between the FL and the gate pulses generates the up-converted pulse (ωu-c = ωFL + ωgate). By means of 

a 15º rotation of the 0.1 mm thick BBO produced with a dc servo controller, we manage to capture all 

the detectable FL spectrum between 420 and 650 nm. The spectral resolution is 27 nm (250 meV at 530 

nm). Finally, the up-converted pulse is focused and collected with an optical fiber, sent to a spectrograph, 

and the spectrum is measured with a thermoelectrically cooled CCD camera. 

Time-Resolved Terahertz Spectroscopy. TRTS allows us to characterize the pump-induced free 

electrons that are injected into the MO CB and to time-resolve the photoconductivity of a system.32-33 In 

our TRTS experiment, an ultraviolet pump pulse (400 nm) excites the dye, whereas a second pulse in 

the THz regime probes the population of free electrons in the MO CB.34-35 Here, the dye-donor dynamics 

are not accessible since the photon energy of a THz pulse (~4 meV) is smaller than the energy gap in 

the dye. Regarding the photogenerated excitons in the MO-acceptor alone, they are not mobile enough 

to provide a measurable modulation of the THz radiation (see S3). While TRTS seems perfectly suited 

to directly determine the relevant ET processes alone, other features like phonons or localized carriers, 

as well as eventual donor aggregates or fragments of photo-oxidized dyes at the MO,36-37 can give rise 

to an apparent pump-induced conductivity. That is, by TRTS we can eventually measure some kinetics 

that are not linked to the free electrons in the MO, thus revealing a THz signal that can mistakenly be 

attributed to an ET process. 

For the TRTS measurements, we have employed a home-made setup previously described.37 To 

generate the THz radiation, we have used a Ti:sapphire amplified laser (Spitfire Ace, Spectra-Physics), 

which provides us a central wavelength of 800 nm, ~100 fs pulse length and a 1 kHz repetition rate. A 

fraction of the laser output is frequency doubled using a 1 mm thick BBO crystal and serves as the 

optical pump pulse (400 nm).  The THz radiation is generated through optical rectification in a 1 mm 

slab of ZnTe crystal cut along the <110> plane and detected by electro-optical sampling with a gate 

beam on an identical ZnTe crystal, resulting in a spectral bandwidth between 0.3 and 2.5 THz. Placing 

an optical chopper at 500 Hz on the pump pathway and with a lock-in detection scheme, the kinetic trace 
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is obtained by the differential, pump-induced changes in the transmission of the THz pulses measured 

from the sample, -ΔT(τ,t)/T(t), where τ represents the pump-probe delay time and t indicates the gate-

THz delay time. The frequency-resolved complex photoconductivity Δσ(τ,ω) can be retrieved by the 

Fourier transform of -ΔT(τ,t)/T(t).38 From fitting the photoconductivity data with the phenomenological 

Drude-Smith model, using the identity Δσ(τ,ω) ∝ ΔN·Δμ, we determine the photocarrier density (N) and 

the photocarrier mobility (μ). According to the Drude-Smith formula, the mobility μ, is given by μ = 

(eτ/m*)·(1+c),39 where m* is the effective mass of electrons in the MO and c the so-called backscattering 

parameter. 

RESULTS AND DISCUSSION 

We start our characterization by measuring the FLUPS dynamics of C343 in solution (a 0.3mM in EOH). 

The employed pump wavelength was 400 nm, at a fluence of 531 μJ/cm2. Under these conditions the 

measured dynamics represent first order processes (see S5). Figure 1a shows the recorded normalized 

FLUPS dynamics (black empty dots), which arise from the integrated FL in the energy range between 

2.2 and 2.6 eV (Figure 1b). Fitting the FLUPS dynamics by an exponential decay function provides a 

lifetime of 4.0 ± 0.1 ns. We further corroborated this with the measurement of the TRPL by time-

correlated single photon counting, which provided a decay lifetime of 3.86 ± 0.01 ns (see S6). Both 

values are in close agreement with previous reports.40-43 However, it is worth mentioning here that the 

temporal FLUPS trace in our samples also revealed a fast rise kinetic component lasting about 28 ± 2 ps 

(see S7). This signal seems too slow to be attributed to solvent reorganization, reported to take place in 

the sub-ps scale.44 Furthermore, we have purposely measured away from FLUPS magic angle condition 

and found that now a fast decay with the same lifetime contributes to the monitored dynamics. We 

suggest that this component is likely linked to an experimental artifact (see S7). In any case, whether 

the resolved fast kinetic component might have any eventual influence on the estimation of the ET will 

be clarified later.  

In order to retrieve ET dynamics from FLUPS data alone, we monitor the FLUPS signal on a C343-

SnO2 film (Figure 1c, black empty dots; pump wavelength of 400 nm and a fluence of 181 μJ/cm2). 

Once more, under these conditions, the measured dynamics represent first order processes (see S5). The 

temporal trace, which represents the integrated FLUPS contribution from 2.2 eV to 2.6 eV, as shown in 

Figure 1d, can be properly fitted by a function consisting of two exponential decays convoluted with the 

instrument response function (IRF) (see S8 and S9). From the fitting protocol, we obtained lifetimes of 

τ1,C343-SnO2 = 1.2 ± 0.1 ps (72 ± 2 %) and τ2,C343-SnO2 = 16 ± 1 ps (28 ± 2 %) (see S10). The biphasic nature 

of the relaxation dynamics is indeed consistent with the FLUPS spectra shown in Figure 1d, where we 

observe at least two peaks with different kinetic evolution over the monitored spectral bandwidth 

available in FLUPS (see S11, Figure S7f). Provided that the FLUPS lifetime monitored for the C343 in 

solution is way bigger than those monitored for the C343-SnO2 film, by subtracting the decay rates of 



7 

the C343 in solution to those of the C343-SnO2 film data we conclude two ET lifetimes arising from 

FLUPS characterization defined as τ1 = 1.2 ± 0.1 ps and τ2 = 16 ± 1 ps (see S10). 

 

The observation of biphasic dynamics agrees well with a previous report on C343-SnO2 film measured 

by Transient Absorption Spectroscopy (TAS).45 However, we remark here that to ascertain 

unambiguously the nature of the biphasic components is very challenging by monitoring depopulation 

dynamics from the dye alone (by e.g. FLUPS or TAS). As briefly noted in the introduction, the 

observation of two exponential decay channels characterized after sensitizing the SnO2 can indicate a 

variety of scenarios, e.g. two different C343-MO conformations, which might provide different 

interfacial energetics or coupling,46 or one bonded dye molecule injecting towards the MO CB plus a 

signal related with aggregation of C343 molecules.47-48 In this respect, from FLUPS measurements alone 

we can only conclude at this stage the existence of two separate deactivation channels after the 

 

Figure 1. (a) Normalized intensity of the FL temporal trace from a 0.3mM C343 solution in EtOH (black empty dots) 

excited with a pump fluence of 531 μJ/cm2. The fit curve used (teal solid line) is a convolution of a biexponential decay 

with a Gaussian pulse. (b) Intensity of the FL spectrum at different times for 0.3mM C343 solution in EtOH; two Gaussian 

function fits are depicted for the spectral trace at different times (short, dashed lines). (c) Normalized intensity of the FL 

temporal trace from a C343-SnO2 interface (black empty dots) excited with a pump fluence of 181 μJ/cm2. The fit curve 

used (teal solid line) is a convolution of a biexponential decay with a Gaussian pulse. (d) Intensity of the FL spectrum at 

different times. The up-converted FL temporal traces shown in (a) and (c) have been obtained upon spectral integration in 

the 2.2-2.6 eV range prior to normalization. 
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functionalization of the SnO2 with the C343 dye molecule. In other words, we cannot reliably assure 

whether just one or perhaps both kinetic components indicate an efficient ET process. To verify whether 

the biphasic components resolved in FLUPS reveal or not ET processes towards the oxide electrode we 

performed TRTS measurements in the C343-SnO2 film.  We note that being TRTS primarily sensitive 

to the pump-induced photoconductivity of a given system, it will resolve in principle free charge carriers 

dynamics in the MO CB only, which is the part of the sample where a finite mobility for the charge 

carriers is expected. In this respect, if both kinetic pathways in FLUPS are indeed ET processes, we 

should resolve the same timescales by TRTS, i.e. when probing the arrival of charge carriers from the 

dye donor towards the MO acceptor. 

We started the TRTS characterization by checking the response of the C343 in EtOH solution and 

obtained, as expected for an excitonic system, a null signal vs pump probe delay (see S12). As a second 

check, we also measured the TRTS signal of the bare SnO2 mesoporous film, obtaining again a null 

photoconductivity response under the same excitation conditions employed in FLUPS (400nm, see S12). 

After these needed controls,14 we monitored the TRTS dynamics in the dye-MO sensitized C343-SnO2 

sample (Figure 2a, black open circles, pump wavelength of 400 nm and a fluence of 424 μJ/cm2). Under 

these conditions the recorded dynamics are in the linear regime (see S13). As evident from the plot, right 

after photoexcitation, the time-resolved TRTS dynamics present a biphasic rise of the photoconductivity 

which is followed by a slower long-lived monophasic decay. The latter could be related with 

recombination at the SnO2
49 and/or with back electron transfer of the injected electrons towards the 

dye.50-51 The orange line in Figure 2a refers to the best fit obtained when considering a biexponential 

growth and a single exponential decay convoluted with the IRF of the setup (see S9 and S14). Such 

model has been previously used for dye-SnO2 mesoporous interfaces.24 From the fit, we obtain τ1 = 1.4 

± 0.1 ps (77 ± 3 %) and τ2 = 10 ± 2 ps (23 ± 3 %) (see S6). The monophasic long-lived decay is τeff = 

660 ± 70 ps. To support that bi-exponential dynamics are linked to free carriers in the MO, we measured 

the frequency-resolved complex photoconductivity after the pump photoexcitation (Figure 2b). As 

previously resolved for mesoporous metal oxides,49,52 the photoconductivity data from the C343-SnO2 

sensitized sample is well reproduced by the Drude-Smith model (see S15). This model reveals that the 

probed free electrons experience a certain degree of localization in the mesoporous MO. Finally, by 

using reported values of the effective mass m* in SnO2, 0.41 ± 0.10 me,53-54 we can infer a charge carrier 

mobility for the probed free electrons of μ = 150 ± 60 cm2V-1s-1; in good agreement with the values 

reported for SnO2 thin films, ranging between 25-130 cm2V-1s-1.55  
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 (a) (b)  

Figure 2. (a) Normalized differential transmission of the C343-SnO2 film at a pump fluence of 424 μJ/cm2 (black open 

circles). Fit of the temporal trace from TRTS, according to the two ET model, is depicted by orange solid line. Inset: Zoom 

in the first 20 ps regarding the bi-exponential increase. (b) Photoconductivity spectrum of the C343-SnO2 film at 80 ps after 

pump photoexcitation and at a pump fluence of 490 μJ/cm2. Real and imaginary components are indicated by black solid 

and empty circles, respectively. The Drude-Smith fitting function for the real component is indicated by orange straight line, 

with a dashed orange line for the imaginary component. 

 

At this stage, we compare the lifetimes and relative amplitudes obtained independently from both 

methods. In FLUPS, we obtain for the slow and fast components figures of τ1 = 1.2 ± 0.1 ps (72 ± 2 %) 

and τ2 = 16 ± 1 ps (28 ± 2 %). For TRTS we obtain figures of τ1 = 1.4 ± 0.1 ps (77 ± 3 %) and τ2 = 10 ± 

2 ps (23 ± 3 %). The agreement is almost quantitative within error, demonstrating unambiguously that 

two independent ET channels from the dye towards the MO are present at the sensitized interface. 

However, a non-negligible difference is observed in the obtained lifetimes for the slower component. 

We believe that this difference could arise from several sources that might even contribute in parallel: 

i) the finite and limited energy bandwidths of the probes for both methods, narrower in FLUPS than in 

steady-state measurements, and ii) the differences in probe area for both methods. Despite these issues, 

which will be explored in further detail in a follow-up work, the resolved correspondence of the ET 

lifetimes is the main result of this work. Such agreement illustrates that the combination of FLUPS and 

TRTS is capable to discriminate unambiguously whether monitored signals resolved independently by 

both methods refer or not to ET components at the sensitized interface.  

As an additional way to ascertain the bi-phasic nature of the resolved ET signals, we have performed 

a global fit protocol to the combined data and used it as an input for the energy dependent FLUPS data. 

Figure 3a shows the results of the combined global fit (orange line for TRTS and red line for FLUPS), 

where we have assumed common ET lifetimes and independent relative contributions for the obtained 

kinetics in the sensitized systems. The results are summarized in Table 1 (see S16). The global fit 

retrieves a fast lifetime of τ1 = 1.4 ± 0.1 ps, and a slower lifetime of τ2 = 17 ± 1 ps. By employing the 

obtained lifetimes as fixed parameters, we have fitted globally all the temporal traces along the 
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bandwidth probed by FLUPS (between 2 and 2.7 eV on increments of approximately 0.07 eV) and 

inferred for each one the amplitudes of the corresponding time constants for each energy. Figure 3b 

illustrates the resulting spectral amplitudes of the τ1 and τ2 components (see S17). From the result, it is 

possible to see that τ1 is associated with a broad feature that peaks approximately at 2.55 eV (purple 

dots), while τ2 seems to originate from a contribution centered around 2.35 eV (red dots). While the 

centers of both peaks could be affected by the limited spectral bandwidth of FLUPS with respect to 

steady-state measurements (see Methods), the shape of the spectrum gives further support to the scenario 

where we consider that two ET channels are operative in the sensitized samples. Furthermore, from this 

global fit we can conclude that these two ET channels are related with two, non-interacting donating 

populations of C343 sensitizing the SnO2 surface. Note that, if the populations of both donating states 

were correlated, e.g. via energy transfer or a vibrational relaxation of the dye excited state, the spectral 

amplitude of one state would be anticorrelated with the second one. 

 

 (a) 

 

(b) 

 

Figure 3. (a) Global fit analysis of the temporal traces from FLUPS and TRTS on the C343-SnO2 interface. The temporal 

trace from FLUPS is the averaged between 2.2 and 2.6 eV at a pump fluence of 191 μJ/cm2, whereas the temporal trace 

from TRTS is obtained at a pump fluence of 424 μJ/cm2. The teal and orange lines are the fitting curves for FLUPS and 

TRTS data, respectively. (b) Global fit analysis on the spectral amplitudes of the ET lifetimes obtained with the first global 

fit: τ1, 1.38 ± 0.07 ps, and τ2, 17 ± 1 ps. 

 

 Parameter Fitted value 

Shared lifetimes (ps) 
τ1 1.4 ± 0.1 

τ2 17 ± 1 

FLUPS A1 (%) 72.5 ± 0.9 

 A2 (%) 27.5 ± 0.9 

TRTS A1 (%) 78 ± 5 

 A2 (%) 22 ± 5 

Table 1. Resume of lifetimes and their relative amplitudes values from the global fit of TRTS and FLUPS on C343-SnO2 film. 
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CONCLUSIONS 

In summary, we have demonstrated the feasibility and potential of combining FLUPS and TRTS to 

address unambiguously the biphasic nature of ET in a C343-SnO2 dye-sensitized mesoporous oxide 

film. Where the two donating states are independent of each other, i.e. non-interacting. Thus, the 

combination of TRTS and FLUPS reveals a reliable avenue for the rational characterization of sensitized 

systems. We expect this approach will contribute to a better understanding of photo-induced dynamics 

in these technologically relevant interfaces. Particularly, we believe that the employed approach might 

shed light on resolving the kinetic fingerprint of deactivation channels linked to trap states in the MO 

and/or to the presence of donor aggregates, two aspects that certainly have been reported in literature to 

compromise the efficiency on complete devices. Furthermore, we see a clear potential to employ the 

combination of FLUPS and TRTS with other sensitizers, specifically with quantum dots (QD), where 

deactivation channels competing with ET and linked to trapping at the QD surface could be most likely 

ubiquitous among the samples reported in most of the literature. 
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