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Optimization of interfacial charge transfer in quantum dot (QD) sensitized mesoporous oxide films is crucial
for the efficient design of QD sensitized solar cells (QDSSC). We employ TeraHertz time-domain spectroscopy
(THz-TDS), transient absorption (TA) and time-resolved luminescence measurements, combined with
transmission electron microscopy (TEM) and current-voltage measurements to study injection of electrons
from PbSe QDs that are chemically linked to mesoporous oxide films. We illustrate that the interpretation of
injection experiments is ambiguous for time-resolved optical measurements (TA and time-resolved
luminescence) because nonradiative recombination processes at the oxide-QD interface have the same
spectroscopic signature as electron injection. Complementary THz-TDS and current-voltage measurements
demonstrate electron injection from the 1Se level of PbSe QDs into SnO2 mesoporous films, but injection
into TiO2 films is not observed, although the time-resolved optical measurements could be interpreted as
indicating injection. That injection takes place into SnO2 but not into TiO2 can be explained by the energy
alignment of the 1Se level of the PbSe QD, which is energetically favorable and unfavorable respectively
with respect to the oxide conduction band edges of SnO2 and TiO2. THz-TDS experiments demonstrate that
electron injection from 5.5 nm PbSe QDs into SnO2 occurs on a time scale of 125 ( 40 ps. THz-TDS
experiments further reveal a subensemble of photogenerated carriers in these QD-oxide systems that recombine
within 10 ps after photoexcitation. These carriers are likely located in QD clusters formed on the oxide surface
that are apparent from TEM images and where efficient nonradiative recombination processes occur. Control
of QD cluster formation is therefore essential in the optimization of QDSSC devices because the time scale
of carrier recombination in the QD clusters is shorter than the time scale of electron injection into the
mesoporous oxide film.

Introduction

In solar energy conversion research, nanostructured semi-
conductors like quantum dots (QDs) are increasingly receiving
attention as potential light absorbing materials of the future.1-4

The QD energy gap can be readily tuned by varying the QD
size, hence by appropriate selection of the QD size and material,
one can utilize QDs as building blocks for tandem solar cells
that absorb a large part of the solar spectrum.5 Furthermore,
QDs can exhibit special characteristics in terms of the charge
carrier dynamics, for example slow relaxation of hot carriers,6

making them candidate materials for hot carrier solar cells.
Finally, the possibility to generate multiple excitons per
absorbed photon (carrier multiplication) in infrared-absorbing
QDs under illumination with visible light might be useful in
a QD-based solar cell, although the photovoltaic usefulness
of CM in QDs has been the subject of recent debate.7-10

Besides their promise regarding light conversion efficiency,
QDs are also promising from an economical viewpoint
because they can be synthesized via chemical procedures at

relatively low temperatures. These chemical processes are
easily scalable and synthesis at low temperatures requires
relatively little energy input, allowing for the production of
large quantities of QDs at low cost, in contrast to the
production of crystalline bulk semiconductors.

However, before QD-based solar cells can be employed on a
large scale, several technical and scientific challenges have to
be overcome. One particular issue regarding the use of QDs as
light absorbing materials is that photogenerated carriers are
confined in the small QD volume, in contrast to bulk material
where carriers can move freely toward external circuits after
photogeneration. 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 solution.2,11-14 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 toward the photocathode, where it is reduced
by the electrons that re-enter the system via the external circuit.

* Corresponding author. Phone: +31-20-7547100; Fax: +31-20-7547290.
† FOM Institute for Atomic and Molecular Physics.
‡ University Utrecht.
§ Delft University of Technology.
⊥ Current address: Philips Research Laboratories, Professor Holstlaan

4, 5656 AE, Eindhoven, The Netherlands.

J. Phys. Chem. C 2010, 114, 18866–1887318866

10.1021/jp108165g  2010 American Chemical Society
Published on Web 10/20/2010



This configuration is analogous to the so-called Grätzel cell,
the only difference being that the dye molecules are replaced
by QDs.15

Several factors influence the efficiency of such QD-sensitized
solar cell (QDSSC). First of all, electron injection from the QDs
into the oxide is only possible when the electron-donating energy
levels of the QDs are energetically located above the conduction
band edge of the electron-accepting oxide material.16 Charge
injection can occur from the cold (1Se) QD level when injection
is faster than radiative recombination or trapping. Injection from
hot QD levels is only possible if hot injection is faster than
intraband relaxation, requiring strong electronic coupling be-
tween the QDs and the electron acceptor. Hot injection has
recently been reported17,18 for QDs that were attached to
atomically flat single crystalline TiO2. The authors of these
reports argue that strong coupling is only realized when the QD/
oxide interface is atomically flat and free of contamination. In
the systems studied in this work, nanocrystalline TiO2 is used
as electron acceptor (poorly defined interfaces) and, because
intraband relaxation occurs within picoseconds (type I PbSe
QDs, room temperature),19 charge injection from hot states is
presumably inefficient. 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
be at a higher energy than the valence energy levels of the QD.
However, the amount of excess energy should be minimized to
keep the voltage maximized. Other factors that influence the
efficiency of charge injection include the dielectric constant of
the electrolyte solvent20 and the presence of defect sites at the
QD-oxide interface that act as recombination centers.21,22

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) deposition12,14,23-26 or colloidal QDs can be synthesized
in a separate synthesis, after which the QDs are attached to the
oxide using bifunctional molecules.2,11,14,27,28 In this report, we
investigate (ultrafast) carrier dynamics in PbSe QDs that are
coupled to mesoporous TiO2 and SnO2 films with the bifunc-
tional 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 find direct evidence of the
presence or the absence of electron injection.

In contrast to optical approaches to quantify charge injection,
THz light directly probes electron mobility, enabling us to
directly observe and quantify the efficiency and time scale of
charge injection from QDs into an oxide matrix, which occurs
on ∼100 ps time scales. New insights are obtained on the
requirements for energy level alignment for PbSe-sensitized
oxide anodes. THz-TDS further reveals that QD clusters are
readily formed at the oxide surface, in which mobile carriers
are formed, and trapped within picoseconds after photoexcita-
tion. Our results show that prevention of QD cluster formation
is therefore essential in the optimization of QD-sensitized solar
cells because the time scale of carrier recombination in the QD
clusters is faster than the time scale of electron injection into
the mesoporous oxide film. Our results illustrate the challenges
in the interpretation of optical spectroscopic data in terms of
charge injection because the signature of charge injection for
various spectroscopic techniques is similar to nonradiative
recombination at the QD-oxide interface and to energy transfer
within QD clusters.

Experimental Section

Materials. Lead acetate trihydrate (Aldrich, 99.999%),
selenium (Alfa Aesar, 99.999%), oleic acid (Aldrich, 90%), and
trioctyl phosphine (TOP, Fluka, 90%) were used as supplied to
prepare the PbSe QDs. Solvents used in the QD synthesis
include diphenyl ether (DPE, Aldrich, 99%), butanol (Aldrich,
anhydrous, 99.8%), methanol (Aldrich, anhydrous, 99.8%), and
toluene (Aldrich, anhydrous, > 99%). To prepare the mesoporous
TiO2 films, 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).
Mesoporous oxide 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. 3-Mercaptopropionic acid (MPA, Aldrich, > 99%) was
used to couple the PbSe QDs to the oxide particles.

Preparation of PbSe Nanoparticles. The PbSe QDs were
synthesized inside a nitrogen-purged Schlenk line following ref
29. 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 DPE, 4.5 mL oleic acid, and 24 mL 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 QDs.29 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 DPE (10 mL) that was
preheated to the desired injection temperature. Typically, the
injection temperature was 190 °C but the temperature dropped
upon injection to 130 °C and quickly reached a 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.

TEM Measurements on Colloidal TiO2-MPA-PbSe
Suspension. PbSe sensitized TiO2 nanoparticles for the TEM
measurements were prepared as follows: 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 carboxylic acid group
of the MPA interacts strongly with the positively charged surface
of TiO2, resulting in a hydrolysis-condensation reaction.27 As
a result of functionalization with MPA, the thiol groups of the
MPA capped TiO2 nanoparticles are oriented outward for
coupling with the PbSe QDs. 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 in the suspension for a few seconds, the resulting product
was studied by transmission electron microscopy (TEM, Fei
Tecnai 12 FEG).

Preparation of PbSe-Sensitized Oxide Films for Ultrafast
Studies. Mesoporous TiO2 and SnO2 films were prepared by
depositing the TiO2 and SnO2 pastes on a fused silica substrate
by the doctor-blading technique. The films were dried at 115
°C for 30 min and subsequently annealed in air at 450 °C for
2 h. The resulting films were stored at 70 °C and subsequently
dipped in a solution of acetonitrile containing MPA for ∼5 h.
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Afterward, the films were washed thoroughly with acetonitrile
and toluene and immersed in a suspension of PbSe QDs in
toluene for 1 h.

Preparation and Characterization of PbSe-sensitized Solar
Cells. QD sensitized solar cells were made by preparing
functionalized oxide films (similar procedure as above) on a
conducting ITO substrate (1 × 1 cm) instead of using fused
silica substrates. The surface area of the solar cell was 0.75
cm2. The QD-sensitized oxide electrode and a Pt-coated counter-
electrode were sandwiched in an open cell configuration. The
electrolytic solution is a methoxypropionitrile-based electrolyte
containing I-/I3- electrolyte 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).

Optical Measurements. Optical absorption spectra were
recorded on a PerkinElmer Lambda 950 UV-vis spectropho-
tometer. 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). Lumines-
cence decay curves were obtained in the same setup by using
a LPD300 tunable dye laser as the excitation source (λex ) 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.

Femtosecond Spectroscopy. The detailed layout of the THz
time-domain spectrometer is given elsewhere.30 Briefly, the light
source used to operate the spectrometer is a pulsed laser system
that is based on a Coherent Legend regenerative amplifier
(Regen), seeded by a Coherent Verdi (790 nm central wave-
length, 110 fs pulse duration fwhm, 80 MHz repetition rate,
500 mW output power). The Regen is pumped by a Coherent
Evolution system (527 nm central wavelength, 20 ns pulse
duration fwhm, 1 kHz repetition rate, 23 W output power). The
amplified output of the Regen is centered at 800 nm and has a
pulse duration of 110 fs fwhm and a repetition rate of 1 kHz.
Of the 2.5 W output power of the Regen, ∼900 mW is used to
run the pump-probe THz-TDS setup. For the THz generation
and detection, 10% of the incoming laser beam is used (90 mW).
THz radiation is generated in a phase-matched manner by optical
rectification31 in a ZnTe crystal (〈110〉 orientation, 10 × 10 ×
1 mm thickness, purchased from MaTeck). The ZnTe generation
crystal is pumped with a slightly focused beam (∼ 3 mm
diameter) of 800 nm light (80 mW power). The THz light exits
the ZnTe generation crystal slightly divergent and is first
collimated and subsequently focused on the sample using a pair
of off-axis parabolic mirrors. The transmitted THz pulses are
recollimated and focused on a second ZnTe detection crystal
by another pair of parabolic mirrors, where the instantaneous
THz field strength is detected through electro-optical sampling.32

The transient absorption setup is based on a Spectra Physics
amplified laser system giving ultrashort 800 nm pulses as a
source for the pump and probe pulses with a pulse duration of
∼110 fs fwhm and a repetition rate of 1 kHz. Part of this beam
is used to pump the sample with 800 nm pulses and the
remainder is used to generate the probe light. To probe the
carrier population in PbSe QDs, the probe light is tuned to
the QD bandgap at IR frequencies by an Optical Parametric
Amplifier (OPA, Coherent). The transmitted probe light through
the sample is spectrally dispersed by a grating and detected on
a diode array.

Results and Discussion

Morphology of QD-Sensitized TiO2. Figure 1 shows trans-
mission 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
has become broader, as can be concluded from a comparison
with TEM images of isolated QDs (parts a and b of Figure S1
of the Supporting Information). 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 1 indicate that, although the majority of the
QDs are isolated on the TiO2 surface, clustering of QDs also
occurs. These clustered QDs can act as centers of carrier trapping

Figure 1. (a-c) Transmission electron micrographs of colloidal TiO2

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.
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or recombination, as will be argued in the discussion of the
THz-TDS data.

(Time-Resolved) Optical Properties of QD-Sensitized
Films. To achieve electron injection from QDs into oxide
materials, the energy of photoexcited 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 injection.11,28,33,34 Theoretical modeling of the position
of PbSe QD energy levels versus the TiO2 conduction band edge
has been done with a 4 band model based on a k ·P Hamilto-
nian.27 This theoretical work predicts that the 1Se level for a
wide range of PbSe QD sizes always lies below the TiO2

conduction band edge, making electron injection from PbSe QDs
into TiO2 energetically unfavorable. However, predicting the
absolute values of QD energy levels is challenging because it
has been shown that dipole moments on the QDs, induced by
local effects like molecular surroundings, can strongly shift the
QD energy levels.25 Also, the position of the oxide conduction
band edge is strongly influenced by the composition (solvent,
pH, presence of ions, etc.) of the surrounding medium.35

Furthermore, a recent experimental report has claimed injection
from PbSe QDs into TiO2 nanorods on nanosecond time scales,
based on time-resolved luminescence measurements.36

To determine whether electron injection from PbSe QDs into
TiO2 occurs, we first characterized the (time-resolved) optical
properties of TiO2-MPA-PbSe films, using PbSe QDs with a
1S transition at 1475 nm. Part a of Figure 2 shows the absorption
spectrum (black solid line) and luminescence spectrum (dashed
line) of a TiO2-MPA-PbSe film, together with the absorption
spectrum of isolated PbSe QDs in toluene (gray solid line). In
the example of part a of Figure 2, the size of the used PbSe
QDs was 4.2 nm (part c of Figure S1 of the Supporting
Information for TEM images of unlinked QDs) and the film
was mounted in an optically accessible container filled with N2.
The distinct 1S absorption peak in part a of Figure 2 is similar
(although slightly red-shifted) 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 part a of Figure
2 is caused by light scattered from the nanoporous TiO2 film.
Part b of Figure 2 shows the decay of the luminescence for
PbSe QDs with a 1S transition at 1475 nm in toluene (gray
line), which can be fitted with an exponential decay using a
time constant of ∼1.0 µs. The black line in part b of Figure 2
corresponds to the luminescence decay of the TiO2-MPA-
PbSe film: 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 injection.36,37 If this interpretation would be correct,
the data in part b of Figure 2 suggests that electron injection
occurs on a nanosecond time scale.

Next, we performed TA measurements to monitor carrier
population dynamics within the attached 4.2 nm PbSe QDs in
a TiO2-MPA-PbSe film. 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. Part c of Figure 2 gives a comparison between
the decay of the pump-induced bleach for PbSe QDs in toluene
(gray solid line) and the TiO2-MPA-PbSe film (black dots).
Again, the film was measured in a N2 environment and we did

not observe any sample degradation during the data acquisition
(15 subsequent scans, ∼1 h illumination with laser light).
Clearly, there is 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 previous
reports, which was corroborated by the measurements of
photocurrents.11,33

From the fast decay components in parts b and c of Figure
2, one might be tempted to conclude that there is electron
injection from PbSe QDs into TiO2. However, the different time
scales that one might associate with injection observed in TA
and time-resolved luminescence measurements on the same
TiO2-MPA-PbSe film are not consistent with a simple in-
jection process. Also in literature, there is a discrepancy in
reported time scales of injection from TA measurements
(picosecond time scale)11,23,33 and time-resolved luminescence
measurements (nanosecond time scale).27,36 An explanation for
these inconsistent observations is that fast decay components

Figure 2. a) Absorption spectrum of 4.2 nm PbSe QDs in toluene
(gray solid line) and a TiO2-MPA-PbSe film (black solid line) The
dashed line is the luminescence spectrum of the TiO2-MPA-PbSe
film. b) Decay of the luminescence for the same PbSe QDs in toluene
(gray 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 film: clearly, the QD luminescence is
strongly quenched as a result of linking. c) Normalized decay dynamics
of TA measurements for 4.2 nm PbSe QDs in toluene (gray solid line)
and for the TiO2-MPA-PbSe film (black dots). For both experiments,
an 800 nm excitation fluence of 30 nJ/mm2 was used and the
photoinduced bleaching of the 1S transition was probed using 1500
nm pulses.
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in time-resolved optical measurements on QD-sensitized oxide
films can also originate from recombination in defect centers
at the oxide-QD interface. Recently,14 a strong quenching of
the QD luminescence was observed in ZrO2 films sensitized
with PbS QDs, where electron injection is energetically not
allowed. This luminescence quenching was attributed to either
nonradiative recombination or charge separation within the QD,
illustrating that the observation of quenching of the QD
luminescence in TiO2-PbSe films is not a definitive proof of
electron injection. Hence, the fast decay components in the time-
resolved optical measurements on TiO2-MPA-PbSe films in
parts b and c of Figure 2 can be attributed to both carrier
injection and to recombination in defect centers and optical
measurements alone do not provide definitive proof of electron
injection.

THz-TDS Measurements. To gain more insight in the carrier
dynamics at the oxide-QD interface, we performed comple-
mentary THz measurements on the same TiO2-MPA-PbSe
films. Similar to the TA experiment, THz-TDS is a pump-probe
technique, in which we also used 800 nm pulses for selective
excitation of the PbSe QDs in the TiO2-MPA-PbSe films. The
probe beam, however, comprised a frequency domain of 0.2-2
THz.30 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. First, 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 in-
formation about the number and mobility of free carriers in
semiconductors because THz light is strongly absorbed by free
carriers. Absorption of THz light occurs because 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 (photoinduced change in) refractive index
of a material. Furthermore, the shape of the complex frequency
dependent conductivity at THz frequencies 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 semiconductors,9,38 mesoporous
semiconducting oxides,39,40 semiconductor QDs,41-43 and QD
solids.44 For the TiO2-MPA-PbSe film, the THz probe can
interact with two types of carriers: immediately after (selective)
photoexcitation of the QDs, excitons are present in the PbSe
QDs. Whereas the THz field cannot accelerate carriers in overall
neutrally charged excitons (no absorption of THz light), the THz
field will experience a phase-shift owing to the polarizability
of the excitons:41,43 the real conductivity is zero (no absorption
of THz light) and the imaginary conductivity is negative and
decreasing with frequency.41,43 The other possible response is
due to free carriers in the TiO2-MPA-PbSe film. Although
the microscopic conductivity of free carriers in nanostructured
oxides exhibits Drude-like behavior, the macroscopic response
at THz frequencies deviates significantly from the Drude
behavior, which has been attributed to local field effects.39 The
macroscopic conductivity of mesoporous films can be described
using effective medium theory,39 and is characterized by a
positive real conductivity (increasing with frequency) and a
negative imaginary conductivity (decreasing with frequency).39

Given the fact that the exciton polarizability in PbSe is
exceptionally low43 due to the high dielectric constant of PbSe
(ε ) 215),45 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 (Figure S2 of the Supporting Information):
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 TiO2-MPA-PbSe films
where we note - below - that the free carriers need not
necessarily be located within the oxide.

Figure 3 shows ∆E(t), which is the change in the transmission
of the THz field due to photoexcitation (Etrans - Etrans

exc , corre-
sponding to the real conductivity) for the TiO2-MPA-PbSe
film, following photoexcitation 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 part c of Figure 2, but
we verified that the general shape of the THz response remained
the same for lower excitation fluences (85 nJ/mm2 trace in figure
3). Also, we verified for all THz experiments that the shape
and the amplitude of the signal did not change during the
subsequent scans in the data acquisition process (typically ∼1
h), indicating that the samples are stable in N2 atmosphere during
over the time scale of the measurements. 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 ref 46. The complex conductivity, measured 30 ps after
photoexcitation, is given in Figure 4. The shape of the extracted
conductivity is indicative of the conductivity of free carriers in
nanostructured semiconducting materials,39,47 as indicated by
positive real conductivity (increasing with frequency) and the
negative imaginary conductivity. Therefore, Figure 4 confirms
that the real THz conductivity signal in Figure 3 originates from
free carriers in the nanostructured TiO2-MPA-PbSe film.

Despite the clear observation of real conductivity, the THz
signal in Figure 3 is not necessarily indicative of electron
injection in TiO2. The reason is that, in case the THz signal in
Figure 3 would represent the population of free carriers in TiO2,
the fast rise time of the THz signal (∼ 1 ps) would be a measure
for the time scale of injection. However, such fast injection is
not in agreement with the TA and time-resolved fluorescence
mentioned above, nor with previous reports on injection from

Figure 3. THz-TDS signals for the TiO2-MPA-PbSe film (4.2 nm
PbSe QDs), following photoexcitation with 800 nm pulses. The
similarity between results at different fluences (500 nJ/mm2, black trace
and 85 nJ/mm2, gray trace), apart from a scaling factor, reveals that
effects due to multiphoton absorption are negligible. The insert 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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CdSe11,33 or PbS27 QDs. Furthermore, the rise of the THz 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 system.33 Another indication that the THz
signal in Figure 3 does not originate from electrons in TiO2 is
that the THz signal decays within tens of picoseconds, whereas
the lifetime of free carriers in mesoporous oxides is usually
much longer (>100 ps): this is evidenced from studies on the
time scale of recombination of photoinjected electrons with
cationic QDs14 and by our THz measurements on dye-sensitized
TiO2 films, where injected electrons from excited dyes into the
TiO2 are very long-lived (Figure S3 of the Supporting Informa-
tion).

Summarizing, one might be tempted to conclude from sep-
arate optical measurements on TiO-MPA-PbSe that injection
from PbSe QDs into TiO2 takes place but the time scales 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 film
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
strong.48-50 The presence of such clusters is apparent from the
TEM images in Figure 1, and we therefore attribute the THz
signal in Figure 3 to the presence of mobile carriers in QD
clusters at the TiO2 surface: as can be seen in part a of Figure
1, 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 the presence
of mobile carriers in QD clusters at the TiO2 surface can explain
the THz response in Figure 3: such free carriers would be present
directly after photoexcitation, explaining the fast rise of the THz
signal, and the rise time 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 occurs within tens of picoseconds, as we will
show below. The time scale of the decay of the THz signal is
similar to the decay of signal in the TA measurements in part
c of Figure 2, suggesting that the decay of the TA signal also
originates from trapping in QD clusters. The luminescence signal
decays on much longer time scales (part b of Figure 2) and we
suggest that this decay is both caused by trapping at the
QD-oxide interface and energy transfer between QDs in the
QD clusters.50-52

To verify the hypothesis that the real conductivity in Figure
3 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 (insert of Figure 3). 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 film. This
indicates once more that the THz data of the TiO2-MPA-PbSe
film in Figure 3 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 be possible since the energy of the SnO2

conduction band edge is roughly 0.5 eV lower than for the TiO2

band edge.27,53 From our studies, we find that the QD loading
on the SnO2 films is comparable to that of the TiO2 films. Figure
5 shows the THz signal for a SnO2-MPA-PbSe film (using
5.5 nm PbSe QDs), following excitation with 500 nJ/mm2 800
nm pulses. For clarity, the THz response of the TiO2-MPA-
PbSe film is given once more in the insert of Figure 5 (similar
as data in Figure 3). Clearly, both data traces in Figures 3 and
5 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
film, however, there is also an ingrowth of the THz signal on
longer time scales, which we attribute to carrier injection. As
such, the THz-TDS data in Figure 5 reflects the first time-
resolved direct observation of electron injection from QDs into
an oxide matrix. 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.

Although the ingrowth of the THz signal was not completed
at a pump-probe delay of 300 ps, the curvature of the signal
allows for a reasonably accurate estimate of the time constant
for electron injection, albeit with a significant error bar. In our
analysis, we first fitted the TiO2-MPA-PbSe data in the inset
of Figure 5 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

Figure 4. Complex conductivity of the TiO2-MPA-PbSe film,
measured 30 ps after photoexcitation with 800 nm light. The shape of
the conductivity is characteristic for the presence of free carriers in
nanostructured semiconducting materials.39,47

Figure 5. THz-TDS signal for the SnO2-MPA-PbSe film (4.2 nm
PbSe QDs), following photoexcitation with 800 nm pulses (500 nJ/
mm2). As for the TiO2-MPA-PbSe film (inset), there is a quasi-
instantaneous rise of the signal and a subsequent decay within tens of
picoseconds. For the SnO2-MPA-PbSe film, 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 time
scale for electron injection of 125 ( 40 ps.
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process (A*(1 - exp (-t/τinj)). Fitting the data in Figure 5 with
this equation, we found a time constant describing the injection
process into SnO2 of 125 ( 40 ps. These injection dynamics
have the same order of magnitude as concluded from TA
measurements on the TiO2-MPA-CdSe system,11,33 but is
orders of magnitude faster than concluded from time-resolved
luminescence measurements on TiO2-MPA-PbS27 and PbSe
QDs on TiO2 nanorods.36

It must be noted that the amplitude of the injection signal
(relative to the signal originating from mobile carriers in QD
clusters) varies from sample to sample. Possibly, these variations
originate from sample-to-sample differences in surface chemistry
that affect the morphology of the QD-oxide interface. This topic
will be addressed in future work. To estimate the efficiency of
electron injection, we compared the magnitude of ∆E(t)/Etrans

at a pump-probe delay of 300 ps in Figure 5, with the
magnitude of ∆E(t)/Etrans right after t0 for an SnO2 film without
QDs that is directly excited with 266 nm light. Combining these
values for ∆E(t)/Etrans with the known excitation fluences, we
estimate an efficiency of electron injection of ∼2% after 300
ps. The full injection efficiency is likely higher than 2% because
the injection process has not been completed at a pump-probe
delay of 300 ps but the reported quantum yield of 59%14 for
injection from PbS QDs into SnO2 is clearly not realized in our
samples. This discrepancy can first be explained by the less
favorable alignment of the 1S level in PbSe QDs with the SnO2

conduction band compared to PbS QDs.27 Second, the accuracy
of the determination of the injection quantum efficiency by time-
resolved luminescence measurements depends heavily on the
choice of the control sample: in ref 14 a QD-sensitized ZrO2

film is used as a control sample because the high-lying
conduction band of ZrO2 prohibits electron injection. Although
the luminescence decay in such sample is a better control
experiment than for instance the detection if the decay in QDs
dispersed in solution, there may still be differences in the
morphology of the ZrO2-QD film compared to the SnO2-QD
film (e.g., the degree of clustering) possibly causing uncertainties
in the assessment of the injection quantum yield.

Photocurrents in QD Sensitized Solar Cells (QDSSC). 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 Figure 6 and is analogous to a dye-
sensitized solar cell (or Grätzel cell). We measured the photo-
currents of cells that consisted of a TiO2 anode (not evident
that charge injection is energetically allowed) and compared
the response with SnO2-based solar cells. Figure 6 confirms our
interpretation of the THz data in Figures 3 and 5: there is a
significant short circuit current Isc of ∼80 µA for the SnO2-

based QDSSC, whereas 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 Figures 2 and 3 can be
interpreted by carrier migration and recombination within QD
clusters. For both the TiO2 and the SnO2 films, the oxide
nanoparticle size and the specific surface area (as measured by
N2 adsorption) were roughly similar. Therefore, we expect the
penetration of QDs into both films to be similar as well. Future
work, however, should address systematically what parameters
influence cluster formation to correlate the anode morphology
with device performance.

Conclusions

Electron injection from PbSe QDs into mesoporous SnO2

films has been demonstrated unambiguously and occurs with a
time constant of ∼125 ps. TeraHertz measurements are excel-
lently suited to directly probe electron injection into oxide
materials because light of THz frequencies probes free carriers
in the oxide. Complementary time-resolved luminescence,
transient absorption, TeraHertz spectroscopy, and IV measure-
ments 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 tech-
niques is similar to nonradiative recombination at the QD-oxide
interface and to energy transfer within QD clusters. More
specifically, THz measurements together with TEM imaging
demonstrate the formation of QD clusters at the oxide surface,
in which mobile carriers are formed after photoexcitation. QD
clusters will lower the QD solar cell efficiency since such mobile
carriers can find recombination centers in QD clusters on a time
scale of ∼10 ps.

Acknowledgment. We thank Klaas Jan Tielrooij, Ellen
Backus, and Jocelyn Cox for performing the Transient Absorp-
tion measurements and Enrique Cánovas for useful discussions.
We thank Frank Lenzmann and Klaas Bakker of the Energy
Center Netherlands for determining the current-voltage char-
acteristics. This work is part of the Joint Solar Programme (JSP)
of the Stichting voor Fundamenteel Onderzoek der Materie
FOM, which is supported financially by Nederlandse Organisatie
voor Wetenschappelijk Onderzoek (NWO). The JSP is cofi-
nanced by gebied Chemische Wetenschappen of NWO and
Stichting Shell Research.

Figure 6. Schematic layout of a QD sensitized solar cell based on a SnO2 oxide matrix (left panel). The right panel shows I-V curves for cells
based on a SnO2 anode (green line), SnO2-QD anode (black line) and a TiO2-QD anode (red line). There is a significant Isc of ∼80 µA for the
SnO2-based QDSSC, whereas the Isc for the SnO2 anode and the TiO2-based QDSSC is negligible.
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Supporting Information Available: Figure showing TEM
images of isolated QDs, a figure showing a comparison of the
imaginary THz response for isolated PbSe QDs in toluene and
the real THz response for directly excited unloaded TiO2 film,
and a figure showing the real THz conductivity for a mesoporous
TiO2 film, sensitized with ruthenium based dyes. This material
is available free of charge via the Internet at http://pubs.acs.org.
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