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We report the dynamics of electron injected into TiO2 due to 

the excitation of Ru-N719 dye at 532 nm. The synchrotron 

based broadband transient mid-IR spectroscopy revealed that 

the injected electrons are quickly confined to a trap state with 

an averge energy of ca. 240 meV below the conduction band. 10 

The average energy of the trapping states did not change with 

the increase of the delay time, suggesting a singular electronic 

identity of the trap states.      

TiO2 is the most studied photo-catalyst because of its wide 

band gap (~ 3.0-3.2 eV), high charge mobility and surface 15 

reactivity, which enables it to photo-catalyse a plethora of 

chemical reactions, ranging from water splitting [1] to organic 

synthesis [2]. However, its wide band gap also means that in order 

to promote charge separation UV photons are required. UV 

accounts for only 4% of the solar spectrum. Asahi et al. [3] tried to 20 

circumvent this difficulty by doping TiO2 with light elements in 

order to shift the absorption to the visible range. They reported a 

significant improvement in the visible light absorption when TiO2 

was doped with nitrogen in substitutional places, making it a 

popular strategy to improve photo-catalytic activity in the visible 25 

range. However the strategy very often leads to a drastic decrease 

in UV photo-catalytic performance, uncompensated by the gains 

in the visible range [4]. Additionally, by narrowing the band gap, 

one decreases the breath of reactions that can be photo-catalyze.  

An alternative strategy is to use sensitizers able to harvest 30 

solar light, and inject electrons into TiO2. The most famous 

strategy is the Grätzel cell [5] consisting of a dye sensitizer coated 

on TiO2 surface. The success of the Grätzel cell relates to the fast 

electron injection from dye to TiO2 (< 10 fs) [6], and slow back 

transfer of electrons to the oxidized dye (up to ms) [7], enabling 35 

the transference of the electrons to a counter electrode (increased 

life time), thus producing electric current.  

Electron transport in the TiO2 is believed to occur via 

trapping-detrapping events across energetically distributed intra-

band-gap states (shallow traps) and conduction band states [8]. 40 

Thus, electron transport depends on the energy of the injected 

electrons, and the density and energy of the trap states [6,9]. 

According to Tamaki et al. [10], the injected electrons are quickly 

trapped (< 170 fs). Initially, electron trapping occurs on states 

close to or in intrabands within the conduction bands. After the 45 

initial stage, the electrons become confined to deeper trap states, 

resulting in a decrease of their mobility, and consequently 

increase in lifetime, before they start recombining with the 

oxidized dye. What is not consensual is the nature of the trapping 

sites, and what is the prefer recombination site. 50 

We used a novel synchrotron-based broadband mid-infrared 

(mid-IR) spectroscopy setup to determine the average trap state 

energy, and the ratio between trapped and free carriers in TiO2 

originated from the excitation of the sensitizing dye 

triisothiocyanato-(2,2’:6’,6”-terpyridyl-4,4’,4”-tricarboxylato) 55 

ruthenium(II) tris(tetra-butyl ammonium) (Ru-N719) [11] at 532 

nm.  Advantages of synchrotron-based experiments include large 

dynamic range and the sensitivity of the system combined with 

the large spectral bandwidth, which covers the entire mid-IR 

range (approx. 625 to 10000 cm-1).  The sample consisted of 60 

monolayer of dye coated onto 3-5 nm particles of TiO2 anatase. 

UV-Vis measurements detected a narrow absorption peak 

between 525 and 535 nm. The experiments were carried out in 

transmission geometry using samples pressed against Ni-mesh 

(thickness 25 µm).  65 

The multi-wavelength laser light system uses near-IR laser 

pulses generated by a Nd:YAG system with 1 kHz repetition rate.  

A Phase-Lock Loop control system locks the laser system to the 

Swiss Light Source (SLS) reference frequency of 500 MHz. The 

delay between the 80 ps pump pulse from the laser system and 70 

the relevant synchrotron radiation pulse, the so-called camshaft (4 

times the charge of a standard bunch), is electronically tuned by a 

vector modulator. This allows adding an arbitrary phase delay, 

and hence a time delay of up to 1 ms. The transmission of the 

camshaft pulses was measured with a fast Peltier-cooled mercury 75 

cadmium telluride detector featuring a bandwidth of 800 MHz. 

The peak amplitude is digitized with a 14-bit resolution fast-

sampling card, which records both pumped and unpumped 

transmission (arriving 1 µs in advance) instantaneously. Hence, 

this detection scheme is not susceptible to instabilities of the 80 

synchrotron source (manifested at the 1 to 3 kHz range) and slow 

drift phenomena, and it allows increasing the signal-to-noise ratio 

(S/N) of step-scan experiments significantly (typically by a factor 

of 100) on a time scale relevant to our experiments. The samples 

were excited with 33 µJ of Nd:YAG pulsed monochromatic green 85 

(532nm) light. We used a resolution of 32 cm-1 to avoid 

contributions from RuN719 molecular vibrations. Based on pulse 

energy and wavelength, we estimate roughly 10E14 

Page 1 of 4 Photochemical & Photobiological Sciences

P
ho

to
ch

em
ic

al
&

P
ho

to
bi

ol
og

ic
al

S
ci

en
ce

s
A

cc
ep

te
d

M
an

us
cr

ip
t



 

2  |  Journal Name, [year], [vol], 00–00 This journal is © The Royal Society of Chemistry [year] 

photons/pulse. Since we perform the experiments at 1 kHZ, this 

comes to roughly 10E17 photons/s, ~ 10E21 photons in 2 h 

(measurement time). It should be mentioned that the signal is not 

associated with direct excitation of TiO2 band gap because the 

pump does not have enough energy to overcome it and multi-5 

photon absorption does not occur. To ensure good S/N, the 

presented spectra correspond to the average of data collected over 

a period of 24 h (2-3h per average spectrum). The measurement 

spot was refreshed every 4h to avoid sample degradation. 

However we should mention that we only did this to be in the 10 

safe side since preliminary experiments performed over 12h on 

the same spot show no significant signal change.  

Free and trapped electrons yield a broad mid-IR absorption, 

which increases with the increase of wavelength or peaks at an 

energy corresponding to the trap energy, respectively [12]. Thus, 15 

the mid-IR can be used to unequivocally identify electrons in a 

semiconductor conduction band and/or shallow traps.  With this 

technique we were able to determine average trap state density 

and energy at different time delays, and able to discuss the 

preferred location of electrons before getting back transferred to 20 

the oxidized dye.  

Fig. 1. Time dependence of the mid-IR of TiO2 coated with Ru-N719 dye 

irradiated at 532 nm with 100 ps pump pulses with energy of 33 µJ. 

Experimental resolution 32 cm-1. (Top) Representation of fitting with 
combined model for free and trapped carriers. (Bottom) Mid-IR signal 25 

between 1200 and 3000 cm-1 at different pump-probe time delays. The 

solid lines correspond to the best data fit with the combined model. 

 

Figure 1 depicts the transient mid-IR signal for different time 

delays. The low spectral resolution (32 cm-1) was purposively 30 

chosen to minimize contributions in the transmission spectra from 

dye’s molecular vibrations. It should be mentioned that the 

sample was heated up to 150 °C for 1 h to remove traces of 

moisture and the experiments were carried out under high purity 

He flow to avoid presence of oxygen (potential electron 35 

scavenger). Upon injection into TiO2 a characteristic broad mid-

IR band evolved, which increased monotonically in intensity with 

the decrease in probe’s wavenumber. The broadband absorption 

signals were fitted according to a combined model (c.f. Eq. 1) 

composed of intraband optical transition of free carriers in the 40 

conduction band (Drude model)[13] and in trap states (Lorentz 

with offset)[14]. The possibility to perform the fit over a large 

spectral range not only increases the fitting accuracy but it is also 

a requirement to perform the fit in the first place. The current 

setup has been purposely conceived for time resolved 45 

measurements with broad spectral range [15]. In Eq. 1: 
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A is the amplitude, ω is the frequency in cm-1, ω0 is the frequency 

offset in cm-1 (which is zero for the free carrier model), and Γ is a 50 

parameter associated with the scattering time in cm-1. The 

scattering time was found to be ca. 6 fs and constant up to 1.5 ns 

(measuring time). The scattering time was calculated using 

equation described elsewhere [14]. In the fitting, we kept the two 

amplitudes, and the frequency offset as free parameters. The ratio 55 

between models amplitudes, and the average energy of the tap 

states (offset in eV) are plotted against the time delays in Figure 

2. We used high laser pump energy (33 µJ/pulse, pump beam 

radius 0.5 mm) in order to excite as much as possible dye 

molecules, and potentially saturate the number of trap states 60 

(‘trap filling’ effect) [10,16]. It should be mentioned that fitting 

with individual models was not reasonable. 

 
Fig. 2. Time evolution ratio between models amplitude, and the average 

energy of the trap states. 65 

 

At 0 ps time delay (exact overlap between pump and probe), 

the ratio between trapped and free electrons is roughly 0.2, 

suggesting that one in each five electrons injected into TiO2 are 

located in a trap state. Surprisingly, the ratio between trapped and 70 

free electrons did not deviate significantly from the 0.2 over the 

measurement time (1.5 ns). Analogously, the average trap state 

energy was found very similar over the measurement time, with 

an average value of 240 ± 5 meV. Finally, the signal was a fitted 

with a single exponential decay with τ = 1.9 ± 0.4 ns, which 75 

relates to electron back transfer to the oxidized dye. The decay 

was similar to both trap and free carriers (Figure 3), i.e., the 

electron back transfer to the oxidized dye removes charge from 

TiO2 from both trapped and free carriers. Complete 
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recombination occurs on 100s ns scale, which was not covered in 

this study because it requires the presence f a liquid interface to 

provide meaningful results. 

To determine the preferred location of the injected electrons, 

one needs to look at lower fluencies or pump-probe overlaps 5 

before 0 ps (e.g. -150 ps). In both cases the ratio between trap and 

free carriers increases due to a decrease in free electrons 

contribution. Thus, even at early stages the injected electrons 

preferred locations is the trap states.  

 10 

Fig. 3. Time evolution of trapped states signal amplitude. 

 

The experimental results revealed important aspects, namely:  

� Constant ratio between trapped and free carriers 

� Uniform trap state energy (~ 240 meV) 15 

� Preferred electron location is the trap states 

� Analogous exponential decay for both trap and 

free carriers. 

 

Fig. 4: Schematic representation of the possible models responsible for 20 

the experimental observations.   

 

Concerning the identity of the trap states, mid-IR 

spectroscopy is unable to elucidate specific geometric structure of 

the site but it is possible to elucidate its electronic structure. The 25 

constant energy of the site suggests singular identity of the trap 

state distributed throughout the semiconductor, and based on their 

relatively large concentration the most likely location is TiO2 

surface. In the case of TiO2 band gap excitation, Tamaki et al. [10] 

mentioned that immediately after photo-excitation electrons are 30 

trapped on surface states and in the conduction band, which are in 

their perspective are energetically equivalent and located close to 

the conduction band edge, thus enabling electrons to migrate 

between surface trap and shallow bulk trap that are in 

equilibrium. Shallow traps electrons relax into deeper states 35 

through a hopping process involving energetically distributed 

trapping sites. However, in Tamaki et al. case photo-generated 

electrons and holes are located in the material, and their 

recombination can occur both at the surface and in the bulk, 

which is not our case since holes are located exclusively at the 40 

surface (oxidized dye). Thus, making it logical that the final trap 

state is located at the surface close to the oxidized dye molecule.  

Figure 4 shows two models that can justify the experimental 

observations. Model A supposes the existence of surface trap 

states that are energetically equivalent to free carriers in the 45 

conduction band. The equivalence ensures that the electrons can 

hop easily between states, and be in equilibrium (constant ratio 

between trap and free carriers). In this case, the 240 meV 

corresponds to the potential energy of the surface trap state. An 

alternative explanation (model B) is the bending of TiO2 50 

conduction band due to the positive electrostatic potential created 

by the oxidized dye. The model supposes that after electron 

injection, the positively charged dye molecules create an equal 

number of trap states to the number of injected electrons, which 

are located close to the oxidized dye molecules (uniform trap 55 

state energy). Since the prefer location of the electrons is the 

surface trap states, the newly created sites are quickly filled and 

due to the proximity of the oxidized dye, the electrons recombine 

with the holes leading to the depletion of both free and trap 

carriers (constant ratio between carriers). None of the models can 60 

be discarded but in our opinion model B is more likely to occur 

since it provides a more convincing argument for singularity of 

the trap state.  

In conclusion, with the help of novel synchrotron based 

transient broadband mid-IR spectroscopy we were able to 65 

determine the ratio between free and trapped electrons, and the 

average energy of the trap state. In respect to the injected 

electrons final location, the results suggest they are trapped at the 

surface near oxidized dye. These trap states originated from the 

bending of TiO2 conduction band due to the positive electrostatic 70 

potential produced by the oxidized dye. If this model is 

confirmed to prevail, the use dye-sensitizers solar cells systems 

with high optical absorption dye molecules and high 

semiconductor surface   coverage is counterproductive because it 

leads to the formation of unwanted recombination sites. Finally, 75 

the proposed experimental technique allows for exclusive and 

simultaneous determination of trap states energy and density, and 

electrons lifetime, which can be adapted to study other 
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semiconductor systems, which are important for the 

understanding and improvement of both photovoltaic and photo-

catalysis.   
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