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Chapter 6: Carrier extraction from QDs 
 
 

6.1 Background 
 

As discussed in the previous chapters, QDs are promising as light-absorbing materials in 
future solar cells, because of their excellent optical properties (high extinction coefficients, 
size-tunable energy gap, etc.) and their special carrier recombination and relaxation 
characteristics. At present, QD-based solar cells are far from being employed on a large 
scale, because of several technical and scientific challenges. One particular issue regarding 
the use of QDs as light absorbing materials is that photo-generated carriers are confined in 
the small QD volume, in contrast to bulk material where carriers can move freely towards 
external circuits after photo-generation. Therefore, QD solar cells will only work if 
extraction of carriers from the QDs into an external circuit can be achieved with minimum 
losses, both in terms of the fraction of injected carriers and the energetic efficiency of the 
injection process. A widely studied approach to extract carriers from QDs is to attach the 
QDs to a mesoporous oxide matrix that is immersed in an electrolyte solution1-4. In this 
concept, light is selectively absorbed by the QDs and electrons are injected from the QDs 
into the oxide matrix, which serves as photoanode, and the remaining positively charged 
QD is reduced by a suitable redox couple in the electrolyte. The oxidized redox species 
migrates towards the photocathode, where it is reduced by the electrons that re-enter the 
system via the external circuit. This configuration is analogous to the so-called Grätzel 
cell5, the only difference being that the dye molecules are replaced by QDs. The schematic 
layout of a QD-sensitized Grätzel cell is given in Fig. 6.1. 
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Figure 6.1 Schematic layout of a QD sensitized solar cell based on a TiO2 anode 
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For efficient extraction of charges from QDs, it is obvious that the dynamics of charge 
extraction should be faster than e.g. radiative recombination. Several factors influence the 
dynamics of charge extraction within a QD-sensitized Solar Cell (QDSSC). First of all, 
electron injection from the QDs into the oxide is only possible when the conduction energy 
levels of the QDs have higher energies than the conduction band edge of the electron-
accepting oxide material6. Energy alignment considerations are also crucial for the 
reduction reaction of the positively charged QDs by the electrolyte: the Fermi level of the 
redox species should have higher energy than the valence energy levels of the QD. 
However, the amount of excess energy should be minimized to keep the voltage 
maximized. Secondly, the dielectric constant of the electrolyte solvent has been 
demonstrated to strongly influence charge transfer dynamics from QDs to ligand 
molecules7. Thirdly, linking of QDs to the oxide matrix should not be accompanied by the 
introduction of defect sites that can act as recombination centers8,9.  

Two methods are commonly used to link QDs to oxide films: QDs can be prepared in-
situ on the oxide film by Chemical Bath (CB) deposition3,10-13 or colloidal QDs can be 
synthesized in a separate synthesis, after which the QDs are attached to the oxide using 
bifunctional molecules1,2,14,15. In this chapter, we investigate (ultrafast) carrier dynamics in 
PbSe QDs that are coupled to mesoporous TiO2 and SnO2 films with the bifunctional 
molecule Mercapto Propionic Acid (MPA). Using a range of spectroscopic techniques 
(including TeraHertz time-domain spectroscopy, femtosecond Transient Absorption, and 
time-resolved luminescence), combined with electron microscopy and current-voltage 
measurements, we have gained insight on the presence or the absence of electron injection. 
New insights are obtained on the requirements for (i) energy level alignment for PbSe 
sensitized oxide anodes and (ii) surface recombination in QD sensitized oxide films, which 
are of crucial importance for understanding and optimization QD-sensitized solar cells.  
 
 

6.2 Sample preparation 
 
The PbSe QDs were synthesized inside a nitrogen-purged schlenk line following Ref 16. 
All chemicals were stored inside a nitrogen-purged glovebox. In a typical synthesis, a stock 
solution of lead acetate trihydrate (1.95 g) in 6 ml diphenyl ether, 4.5 ml oleic acid, and 24 
ml trioctyl phosphine (TOP) was prepared. The lead oleate precursor was prepared by 
heating the above mixture to > 70°C under vacuum (<10-3 mbar) for > 1 h to remove trace 
amounts of water and acetate; this is crucial for obtaining monodisperse spherical QDs16. 
The solution was allowed to cool to room temperature. Then 11.5 ml of this solution was 
mixed with a 1.7 ml solution of selenium (1M) in TOP and rapidly injected into diphenyl 
ether (10 ml) that was preheated to the desired injection temperature. Typically, the 
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injection temperature was 190°C, but the temperature dropped upon injection to 130°C and 
quickly reached the growth temperature of 140°C. The size of the spherical QDs was 
controlled by the growth time. After a specific growth time the reaction was quenched with 
a mixture of butanol (20 ml) and methanol (10 ml). The crude products were cleaned by 
centrifugation and redissolution in toluene, were washed once more using a small volume of 
methanol and were finally dispersed in toluene. The TEM images of 5.65 nm PbSe QDs in 
Fig. 6.2 illustrate that the size dispersion of the synthesized QDs was excellent. 

 

b) 5.65 nm QDsa) 5.65 nm QDs

 
Figure 6.2 Transmission electron micrographs of 5.65 ± 0.47 nm PbSe QDs. 

 
Mesoporous TiO2 and SnO2 films were prepared by spreading out viscous dispersions 

of colloidal TiO2 and SnO2 particles on a substrate. The films were deposited on substrates 
of fused silica (LG Optical Ltd.) for ultrafast spectroscopy studies and on indium-doped tin 
oxide (ITO) for the fabrication of solar cells.  For preparation of the TiO2 film, an ethanol 
based paste containing 15 nm TiO2 particles was purchased from Solaronix (T-LALT). 
SnO2 pastes were prepared by dispersing SnO2 powder (Aldrich, average particle size < 100 
nm) in an ethanol solution containing NH4OH (added to stabilize the colloidal suspension 
of SnO2 particles). After spreading out the paste, the film was dried at 115°C for 30 minutes 
and subsequently annealed in air at 450°C for 2 hours. The annealed films were stored at 
70°C and subsequently dipped in a solution of acetonitrile containing MPA for ~ 5 hours. 
The carboxylic acid group of the MPA interacts strongly with the positively charged surface 
of TiO2, resulting in a hydrolysis-condensation reaction14. As a result of functionalization 
with MPA, the thiol groups of the MPA capped TiO2 nanoparticles are oriented outwards 
for coupling with the PbSe QDs. After immersion in the MPA-solution, the films were 
washed thoroughly with acetonitrile and toluene to remove the excess MPA and immersed 
in a suspension of PbSe QDs in toluene. 
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6.3 TEM characterization of QD-sensitized TiO2 
 
Before doing spectroscopic measurements on QD-sensitized oxide films, we first prepared 
PbSe-sensitized colloidal TiO2 nanoparticles to visualize QD-linking with TEM imaging. 
For the preparation of sensitized colloidal TiO2, 0.05 g of TiO2 paste was dissolved in 2 ml 
ethanol, after which 100 μl of MPA was added into the TiO2 suspension. The excess MPA 
and the ethanol were removed after centrifugation of the suspension, and the resulting 
powder was resuspended in toluene. Finally, PbSe QDs were added to the functionalized 
TiO2 suspension and the solution was stirred for several hours. After dipping a TEM grid 
briefly in the suspension, the resulting product was studied by transmission electron 
microscopy (TEM, Fei Tecnai 12 FEG). 

 

a

c

b
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Figure 6.3 Transmission electron micrographs of colloidal TiO2 particles to which PbSe QDs are 
linked using MPA. Most QDs are attached on isolated locations at the TiO2 surface, but clustering of 
QDs is also occurring, as indicated by the arrows. 

 
Fig. 6.3 shows transmission electron micrographs of colloidal TiO2 particles that are 

sensitized with 5.65 nm PbSe QDs (energy gap of 0.77 eV). Clearly, the QDs are in close 
contact with the TiO2 particles. As a result of the linking procedure, the QD size dispersion 
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has become broader, as can be concluded from a comparison with TEM images of isolated 
QDs (see Fig. 6.1). This broadening of the size dispersion of linked PbSe QDs is probably 
caused by partial dissolution of the QDs resulting from interaction with MPA. Nonetheless, 
the shape of the QDs remained spherical. The TEM images in Figure 6.3 indicate that, 
although the majority of the QDs are isolated on the TiO2 surface, clustering of QDs also 
occurs (indicated by the arrows). These clustered QDs can act as centers of carrier 
recombination, as will be argued in the discussion of the THz-TDS data. 
 
 

6.4 Optical measurements 
 
First, we characterized the optical properties of TiO2-MPA-PbSe films. Optical absorption 
spectra were recorded on a Perkin–Elmer Lambda 950 UV/Vis spectrophotometer and 
emission spectra were acquired on a Edinburgh Instruments F900 spectrofluorometer, using 
a 450 W xenon lamp as the excitation source. The emitted light was detected by a fast 
Hamamatsu photomultiplier tube (R5509-72). Fig. 6.4(a) shows the absorption spectrum 
(black solid line) and luminescence spectrum (dashed line) of a TiO2-MPA-PbSe sample, 
together with the absorption spectrum of isolated PbSe QDs in toluene (grey solid line). In 
the example of Fig. 6.4(a), the size of the used PbSe QDs was 4.2 nm (as determined from 
TEM images of unlinked QDs). The distinct 1S absorption peak at 1475 nm in Fig. 6.4(a) is 
similar (although slightly redshifted) to the absorption characteristics of a QD suspension in 
toluene, indicating that quantum confinement is preserved after linking to TiO2. The 
background in the TiO2-MPA-PbSe absorption spectrum in Fig. 6.4(a) is caused by light 
scattered from the nanoporous TiO2 film.  
To achieve electron injection from QDs into oxide materials, the energy of photo-excited 
electrons in the 1Se QD level should exceed the energy of the oxide conduction band edge. 
This condition is fulfilled for the TiO2-CdSe system, where multiple experimental reports 
have demonstrated efficient electron injection1,15,17,18. Theoretical modeling of the position 
of PbSe QD energy levels versus the TiO2 conduction band edge predicts that the 1Se level 
for a wide range of PbSe QD sizes always lies below the TiO2 conduction band edge14, 
making electron injection from PbSe QDs into TiO2 energetically unfavorable. However, 
predicting the absolute values of QD energy levels is challenging, since it has been shown 
that dipole moments on the QDs, induced by local effects like molecular surroundings, can 
strongly shift the QD energy levels12. Furthermore, a recent experimental report has claimed 
slow injection from PbSe QDs into TiO2 nanorods on a nanosecond timescale, based on 
time-resolved luminescence measurements19.  
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Figure 6.4 a). Absorption spectrum of 4.2 nm PbSe QDs in toluene (grey solid line) and a TiO2-MPA-PbSe sample 

(black solid line) The dashed line is the luminescence spectrum of the TiO2-MPA-PbSe sample. b). Decay of the 

luminescence for the same PbSe QDs in toluene (grey line), which can be fitted with an exponential decay using a 

time constant of ~ 1.0 μs. The black line corresponds to the luminescence decay of the TiO2-MPA-PbSe sample. c) 

Normalized decay dynamics of TA measurements for 4.2 nm PbSe QDs in toluene (grey solid line) and for the 

TiO2-MPA-PbSe sample (black dots). For both experiments, an 800 nm excitation fluence of 30 nJ/mm2 was used 

and the photo-induced bleaching of the 1S transition was probed using 1500 nm pulses.  



 

Chapter 6: Carrier extraction from QDs 

105

To determine whether electron injection from PbSe QDs into TiO2 occurs, 
luminescence decay curves were obtained in the same Edinburgh set-up by using a LPD300 

tunable dye laser as the excitation source (ex = 720 nm, 10 ns pulse width, 10 Hz repetition 

rate, a LPX100 excimer laser was used as the pump laser) and analyzing the decay of the 
PMT signal with a Tektronix 2430 Digital Oscilloscope. Fig. 6.4(b) shows the decay of the 
luminescence for the 4.2 nm PbSe QDs in toluene (grey line), which can be fitted with an 
exponential decay using a time constant of ~ 1.0 μs. The black line in Fig. 6.4(b) 
corresponds to the luminescence decay of the TiO2-MPA-PbSe sample: clearly, the 
luminescence is strongly quenched as a result of linking. In some reports, quenching of the 
QD luminescence in QD-sensitized oxide films has been attributed to carrier injection19,20. 
If this interpretation would be correct, the data in Fig. 6.4(b) suggests that electron injection 
occurs on a nanosecond timescale. 

Next, we performed TA measurements to monitor carrier population dynamics within 
the attached 4.2 nm PbSe QDs in a TiO2-MPA-PbSe sample. For this purpose, we 
selectively excited the QDs with an 800 nm (1.55 eV) pump beam (the bandgap of TiO2 is ~ 
3.2 eV) and we measured the pump-induced bleaching of the lowest-energy 1S absorption 
feature using a 1500 nm probe beam. We used a low 800 nm excitation fluence (30 nJ/mm2) 
to ensure that no more than one photon is absorbed per QD. Fig. 6.4(c) gives a comparison 
between the decay of the pump-induced bleach for PbSe QDs in toluene (grey solid line) 
and the TiO2-MPA-PbSe sample (black dots). Clearly, there is a fast decay component in 
the TiO2-MPA-PbSe data that is absent for the QDs in toluene. The presence of such fast 
(picosecond) decay component in TA data of linked QDs has been attributed to electron 
injection in several reports, which was corroborated by the measurements of photo-
currents1,17.  

From the fast decay components in Figs. 6.4(b) and 6.4(c), one might be tempted to 
conclude that there is electron injection from PbSe QDs into TiO2. However, the different 
timescales that one might associate with injection observed in TA and time-resolved 
luminescence measurements on the same TiO2-MPA-PbSe sample are not consistent with a 
simple injection process. Also in literature, there is a discrepancy in reported timescales of 
injection from TA measurements (picosecond timescale)1,10,17 and time-resolved 
luminescence measurements (nanosecond timescale)14,19. An explanation for these 
inconsistent observations is that fast decay components in time-resolved optical 
measurements on QD-sensitized oxide films can also be fully explained by recombination 
in defect centers at the oxide-QD interface. This means that the fast decay components in 
the time-resolved optical measurements on TiO2-MPA-PbSe films in Figs. 6.4(b) and 6.4(c) 
can be attributed to both carrier injection and to recombination in defect centers. Hence, 
optical measurements alone do not give definitive proof of electron injection. 
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6.5 THz-TDS measurements 
 
To gain more insight in the carrier dynamics at the oxide-QD interface, we performed 
complementary THz measurements on the same TiO2-MPA-PbSe samples. Similar to the 
TA experiment, we used THz-TDS in the pump-probe configuration, in which 800 nm 
pulses were used for selective excitation of the PbSe QDs in the TiO2-MPA-PbSe samples. 
The probe beam, however, comprised a frequency domain of 0.2 – 2 THz21. A frequency of 
1 THz corresponds to a photon energy of 4 meV, which is well below the electronic 
transitions of bulk and quantum-confined semiconductors. Rather, the oscillating electric 
field of the THz probe interacts strongly with free charge carriers. Firstly, changes in the 
amplitude of the transmitted THz transmission are related to real conductivity, associated 
with the absorption of THz light. The real conductivity gives information about the number 
and mobility of free carriers in semiconductors, since THz light is strongly absorbed by free 
carriers. Absorption of THz light occurs since the THz field accelerates free carriers in a 
material, as a result of which part of the energy of the THz pulse is converted into kinetic 
energy of carriers. In addition, the phase-shift of the transmitted THz pulse through a 
sample is related to the imaginary conductivity, which is related to the (photo-induced) 
refractive index of a material. Furthermore, the shape of the complex frequency dependent 
conductivity in the THz window gives information about the nature of carrier conductivity 
in a material. As such, THz-TDS has been widely used to probe the carrier density and 
carrier mobility in bulk semiconductors22,23, mesoporous semiconducting oxides24,25, 
semiconductor QDs26-28, and QD solids29.  
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Figure 6.5 Comparison of the imaginary THz response for isolated PbSe QDs 
in toluene (grey line) and the real THz response for a directly excited 
unloaded TiO2 film (black line). The unloaded film was directly excited with 
266 nm pulses and the PbSe QDs sample was excited with comparable 800 
nm fluences. Clearly, the (imaginary) THz signal arising from isolated QDs is 
negligible compared to the (real) signal from carriers in the TiO2 film. 
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For the TiO2-MPA-PbSe sample, the THz probe can interact with two types of carriers: 
immediately after (selective) photoexcitation of the QDs, excitons are present in the PbSe 
QDs. While the THz field cannot accelerate neutrally charged excitons (no absorption of 
THz light), the THz field will only experience a phase-shift owing to the presence of 
polarizable excitons26,28: the real conductivity is zero (no absorption of THz light) and the 
imaginary conductivity is negative and decreasing with frequency26,28 (see also Chapter 2). 
The other possible response is due to free carriers in the TiO2-MPA-PbSe film. Although 
the microscopic conductivity of free carriers in nanostructured semiconductors has a Drude-
like behavior, the macroscopic conductivity at THz frequencies deviates significantly from 
the Drude behavior because of local field effects. The macroscopic conductivity of 
mesoporous films can be described using effective medium theory24, and is characterized by 
a positive real conductivity (increasing with frequency) and a negative imaginary 
conductivity (decreasing with frequency)24. Given the fact that exciton polarizability in 

PbSe is exceptionally low28 due to the high dielectric constant of PbSe ( = 215)30, the THz 

response is expected to be dominated by real conductivity resulting from free carriers in the 
TiO2-MPA-PbSe film. This expectation was confirmed by comparing the imaginary THz 
response for isolated PbSe QDs, and the real THz response for an unloaded TiO2 film under 
similar excitation densities (see Fig. 6.5): the (imaginary) THz signal resulting from PbSe 
QDs is negligible compared to (real) response of free carriers in TiO2. Hence, the THz 
dynamics were assumed to directly reflect the dynamics of mobile carriers in the oxide 
films. 

Fig. 6.6 shows E(t), which is the change in the transmission of the THz field due to 

photo-excitation (Etrans - 
exc
transE , corresponding to the real conductivity), for the TiO2-MPA-

PbSe sample, following photo-excitation with 800 nm pulses. As in the TA experiment, 4.2 
nm PbSe QDs were used but the 800 nm excitation fluence was ~ 500 nJ/mm2. This fluence 
was higher than used in the TA measurements of Fig. 6.4(c), but we verified that the 
general shape of the THz response remained the same for lower excitation fluences (85 
nJ/mm2 trace in Fig. 6.6). To characterize the nature of the carrier conductivity in the TiO2-
MPA-PbSe film, we inferred the complex conductivity from the time-domain traces of the 
transmitted THz field through the unexcited sample (reference trace) and the excited 
sample, following the procedure in Reference31. The complex conductivity, measured 30 ps 
after photo-excitation, is given in Fig. 6.7. The shape of the extracted conductivity is 
indicative of the conductivity of free carriers in nanostructured semiconducting 
materials24,32, as indicated by positive real conductivity (increasing with frequency) and the 
negative imaginary conductivity. Therefore, Fig. 6.7 confirms that the real THz 
conductivity signal in Fig. 6.6 originates from free carriers in the nanostructured TiO2-
MPA-PbSe film. 
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Figure 6.6 THz-TDS signals for the TiO2-MPA-PbSe sample (4.2 nm PbSe QDs), following 

photo-excitation with 800 nm pulses. The similarity between results at different fluences (black 

trace: 500 nJ/mm2 and grey trace: 85 nJ/mm2), apart from a scaling factor, reveals that effects due 

to multi-photon absorption are negligible. The real conductivity represented by the THz signals 

does not originate from free carriers in TiO2 but is likely due to mobile carriers in QD clusters at 

the TiO2 surface, as explained in the text. The inset shows the THz signal of a PbSe QD solid on 

fused silica for an 800 nm excitation fluence of 500 nJ/mm2. 
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Figure 6.7 Complex conductivity of the TiO2-MPA-PbSe film, measured 30 ps after photo-
excitation with 800 nm light. The shape of the conductivity is characteristic for the presence 
of free carriers in nanostructured semiconducting materials24,32. 

 
Despite the clear observation of real conductivity, the THz signal in Fig. 6.6 is not 
indicative of electron injection in TiO2. The reason is that, in case the THz signal in Fig. 6.6 
would represent the population of free carriers in TiO2, the fast risetime of the THz signal 
(~ 1 ps) would be a measure for timescale of injection. However, such fast injection is not 
in agreement with the TA and time-resolved fluorescence results presented in section 6.4, 
nor with reports on injection from CdSe1,17 or PbS14 QDs. Furthermore, the rise of the THz  
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signal was similarly fast for TiO2 films that were sensitized with PbSe QD of sizes ranging 
from 3.2 – 7 nm, in contrast to the observation of size-dependent injection dynamics for the 
TiO2-MPA-CdSe system17. Another indication that the THz signal in Fig. 6.6 does not 
originate from electrons in TiO2 is that the THz signal decays within tens of picoseconds, 
whereas the lifetime of injected carriers in mesoporous oxides is usually much longer 
(>100’s ps), as demonstrated by THz measurements on dye-sensitized TiO2 films, where 
electrons are injected from excited dyes into the TiO2 (see Fig. 6.8).  
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Figure 6.8 Real THz conductivity for a mesoporous TiO2 film, sensitized with ruthenium based 
dyes (N3-dye, purchased from Solaronix). The inset shows the absorption spectrum of the dye-
sensitized TiO2 film. The dyes were selectively excited with 590 nm light (2 μJ/mm2 fluence) and 
probed with THz light. The THz signal corresponds to the amount of injected electrons from the dye 
into the TiO2 conduction band edge and hence reflects injection dynamics. Clearly, the lifetime of 
injected electrons in TiO2 is longer than the timescale of the measurement. 

 
Summarizing, one might be tempted to conclude from separate optical measurements 

on TiO2-MPA-PbSe that injection from PbSe QDs into TiO2 takes place, but the timescales 
of injection concluded from TA and time-resolved luminescence measurements are not 
consistent. THz measurements indicate the presence of real conductivity in the TiO2-MPA-
PbSe sample, but the rise and decay of the THz signal are not consistent with injection. 
These seemingly conflicting observations can be explained by the presence of QD clusters 
at the oxide-QD interface, as it is known that carriers in coupled QDs can give rise to real 
conductivity, provided that dot-to-dot coupling is sufficiently strong33,34. The presence of 
such clusters is apparent from the TEM images in Fig. 6.3, and we therefore attribute the 
THz signal in Fig. 6.6 to hopping of carriers in QD clusters at the TiO2 surface: as can be 
seen in Fig. 6.3, most of the PbSe QDs are present at isolated locations on the TiO2 surface, 
but some QDs form clusters, in which the dot-to-dot distance is small. It is conceivable that 
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the presence of mobile carriers in QD clusters at the TiO2 surface can explain the THz 
response in Fig. 6.6: such free carriers would be present directly after photo-excitation, 
explaining the fast rise of the THz signal, and the risetime would not depend on the size of 
the PbSe QDs. The decay of the THz signal is likely caused by recombination of carriers in 
defect centers within the QD clusters, which typically occurs within tens of picoseconds. 
The time scale of the decay of the THz signal is similar to that of the decay in the TA 
measurements in Fig. 6.4(c), suggesting that the decay of the TA signal also originates from 
trapping in QD clusters. The luminescence signal decays on much longer timescales (Fig. 
6.4(b)) and we suggest that this decay is both caused by trapping at the QD-oxide interface 
and by energy transfer between QDs in the QD clusters35,36.  

To verify the hypothesis that the real conductivity in Fig. 6.6 is caused by carriers in 
QD clusters, and not by injection, we dropcasted a QD solid film on a fused silica substrate 
and measured the THz response (inset Fig. 6.6). The wide bandgap of fused silica (~ 9 eV) 
ensures that charge injection from PbSe QDs into fused silica is energetically not allowed; 
hence any THz signal will originate directly from carriers within the QD solid. Clearly the 
THz response from the QD solid closely resembles that of the TiO2-MPA-PbSe sample. 
This indicates once more that the THz data of the TiO2-MPA-PbSe sample in Fig. 6.6 does 
not originate from mobile electrons in TiO2, but from mobile carriers in PbSe QD clusters. 

A control experiment to verify the QD cluster hypothesis is to do THz measurements 
on a sample where electron injection is expected. Therefore, we did THz measurements on 
a SnO2-MPA-PbSe film, because charge injection from small PbSe QDs into SnO2 should  

 

3.5

3.0

2.5

2.0

1.5

1.0

0.5

0.0


E

T
H

z 
(a

.u
.)

200150100500

pump-probe delay (ps)

SnO2-MPA-PbSe

3.0

2.0

1.0

0.0

E
T

H
z 

(a
.u

.)

200150100500
pump-probe delay (ps)

TiO2-MPA-PbSe

 
Figure 6.9. THz-TDS signal for the SnO2-MPA-PbSe sample (4.2 nm PbSe QDs), following photo-excitation 

with 800 nm pulses (500 nJ/mm2). As for the TiO2-MPA-PbSe sample (inset), there is a quasi-instantaneous 

rise of the signal and a subsequent decay within tens of picoseconds. For the SnO2-MPA-PbSe sample, there 

is an additional long-lived ingrowth of the THz signal, which originates from injected electrons in SnO2. The 

dashed lines are fits to the data, yielding a timescale for electron injection of 40 ± 10 ps. 
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be possible since the energy of the SnO2 conduction band edge is roughly 0.5 eV lower than 
the TiO2 band edge14,37

.  Fig. 6.9 shows the THz signal for a SnO2- MPA-PbSe sample 
(using 4.2 nm PbSe QDs), following excitation with 500 nJ/mm2 800 nm pulses. For clarity, 
the THz response of the TiO2-MPA-PbSe sample is given once more in the inset of Fig. 6.9 
(similar as data in Fig. 6.6). Clearly, both data traces in Figs. 6.6 and 6.9 have a quasi-
instantaneous rise of the signal that decays within tens of picoseconds, which we attribute to 
carrier recombination in QD clusters, as discussed before. For the SnO2-MPA-PbSe sample, 
however, there is also an ingrowth of the THz signal on longer timescales, which we 
attribute to carrier injection. It must be noted that the ingrowth of the signal could not 
always be reproduced for different SnO2-PbSe samples, which is possibly due to sample-to-
sample variations in surface chemistry that might affect electron injection. However, the 
difference between the TiO2- and SnO2-based samples is another confirmation that charge 
injection does not occur in the TiO2-MPA-PbSe system: for this system, the THz signal 
originates only from mobile carriers in QD clusters and no long-lived signal due to carriers 
in TiO2 is observed. 

To quantify the timescale of electron injection, we first fitted the TiO2-MPA-PbSe data 
in the inset of Fig. 6.9 by a double exponential decay with time constants of 2.5 ± 0.3 ps 
and 48 ± 5 ps. The SnO2-MPA-PbSe data was fitted with a fit function that included a 
double exponential decay and an exponential ingrowth describing the injection process 

(A*(1-exp(-t/inj)). Fitting the data in Fig. 6.9 with this equation, we found a time constant 

describing the injection process into SnO2 of 40 ± 10 ps. These injection dynamics have the 
same order of magnitude as concluded from TA measurements on the TiO2-MPA-CdSe 
system1,17, but is orders of magnitude faster than concluded from time-resolved 
luminescence measurements on TiO2-MPA-PbS14 and PbSe QDs on TiO2 nanorods19.  

 
 
6.6 A QD-sensitized solar cell 
 

To obtain conclusive evidence for the presence of electron injection in SnO2-MPA-PbSe 
films (and the absence of injection in TiO2-based systems), we performed photocurrent 
measurements on QD-sensitized solar cells (QDSSC’s). The layout of these QDSSC’s is 
shown in Fig. 6.1 and is analogous to a dye-sensitized solar cell5 (or Grätzel cell). The QD 
sensitized solar cells were made by preparing functionalized oxide films (similar procedure 
as above) on a conducting ITO substrate (1 x 1 cm) instead of using fused silica substrates. 
The QD-sensitized oxide electrode and a Pt-coated counter-electrode were sandwiched in 
an open cell configuration. The electrolyte is a methoxypropionitrile-based solution 
containing I−/I2 as a redox couple. The cells were investigated in a solar simulator (Wacom) 
using a 5 kW Xe-lamp (type WXS-300S-50, AM1.5G). We measured the photocurrents of 
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cells that consisted of a TiO2 anode (not evident that charge injection is energetically 
allowed) and compared the response with SnO2-based solar cell. Fig. 6.10 confirms our 
interpretation of the THz data in Figs. 6.6 and 6.9: there is a significant short circuit current 
Isc of ~ 80 μA for the SnO2-based QDSSC, while Isc for the TiO2-based cell is zero within 
the noise of the measurement. This observation confirms the interpretation presented above 
that there is no injection from PbSe QDs into TiO2 and that all spectroscopic measurements 
on the TiO2-MPA-PbSe system in Figs. 6.4 and 6.6 can be interpreted by carrier migration 
and recombination within QD clusters. 
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Figure 6.10 Current-Voltage characteristics for PbSe QD-sensitized solar cells based on a 
SnO2 anode (black line) and a TiO2 anode (grey line). There is a significant Isc of ~ 80 μA 
for the SnO2-based QDSSC, while the Isc for the TiO2-based cell is negligible.   

 
 
6.7 Conclusions 
 
Electron injection from PbSe QDs into mesoporous SnO2 films has been demonstrated to 
occur within tens of picoseconds. TeraHertz measurements are excellently suited to directly 
probe electron injection into oxide materials, since light of THz frequencies probes free 
carriers in the oxide. Complementary time-resolved luminescence, transient absorption, 
TeraHertz spectroscopy, and IV-measurements demonstrate conclusively that charge 
injection from PbSe QDs into TiO2 does not take place within the range of sizes 
investigated here (3.2 – 7 nm diameter). Clearly, the alignment of QD conduction levels and 
the oxide conduction band edge is a crucial factor determining the occurrence of charge 
injection. Our results illustrate the challenges in the interpretation of spectroscopic data in 
terms of charge injection, since the signature of charge injection for various spectroscopic 
techniques is similar to non-radiative recombination at the QD-oxide interface and to 
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energy transfer within QD clusters. More specific, THz measurements together with TEM 
imaging demonstrate that there is formation of QD clusters at the oxide surface, in which 
mobile carriers are formed after photo-excitation. Such QD clusters might lower the QD 
solar cell efficiency since such mobile carriers can ‘find’ recombination centers in QD 
clusters on a timescale of ~ 10 ps.  
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