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In 1991 O’Regan and Gr€atzel presented a new route for the
development of efficient low cost photovoltaic devices based

on dye-sensitized colloidal TiO2 films1 (dye sensitized solar cells,
DSSCs). Later on, the unique properties of semiconductor
nanocrystals (quantum dots, QDs) prompted efforts to substi-
tute the dyes by QD absorbers as a way of optimizing those
devices.2�4 However, although the tunable absorption edge of
QDs and their larger absorption cross sections seemed to provide
the QDs an advantage over the dyes, for example, in enabling to
better match the solar spectrum, the reported power conversion
efficiencies of QD sensitized solar cells5 (QDSSCs) have re-
mained limited to 4�5%. This is clearly not competitive with
figures obtained for DSSCs reaching values up to 11%.6 Reasons
like the nonhomogeneous sensitization of the oxides by QDs, the
presence of QD surface defects, and the employment of electro-
lytes less compatible with QDs, have been proposed in order to
explain the gap in efficiencies between both technologies.7 While
quantum efficiency measurements on complete QDSSC devices
enable quantification of their performance, such measurements
are unable to resolve which physical process in the device is
limiting its overall efficiency. For example, reduced photocurrent
in devices can be caused by inefficient electron transfer from the
QD donor to the oxide acceptor, electron capture (trapping) in
the oxide contact or a bad performance of the electrolyte. In
order to identify the bottleneck, it is essential to obtain informa-
tion about the efficiency and time scales of fundamental

processes taking place in the devices. In this paper, we will focus
on the understanding of electron transfer (ET) phenomena
occurring after photoexcitation from the QDs (donors) to the
oxide film (acceptor).

The most common employed techniques which are used to
interrogate ET processes before device encapsulation are photo-
luminescence (PL) and transient absorption (TA) spectroscopy.
These techniques probe carrier populations within the QDs. The
reduction of QD luminescence4,8 or increase in absorption9

signals after their attachment to the oxide film has been employed
to monitor carrier transfer between the species. However, the
disappearance of charge carriers from the QD does not always
necessarily imply that they have been transferred to the oxide.
New recombination pathways for electrons within the QDs after
the oxide sensitizationmay occur (e.g., changes in theQD surface
chemistry after attachment). Given that the spectroscopic sig-
nature of ET and that associated with trapping processes within
the QD are identical, it is not straightforward to differentiate
between the two proccesses, unless additional measurements are
performed (e.g., photocurrent on devices). Indeed, such loss
channels, and the associated breakdown of correlation between
optical signatures and electron transfer, have been identified for
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ABSTRACT: We report the direct and unambiguous determination of
electron transfer rates and efficiencies from PbSe quantum dots (QDs) to
mesoporous SnO2 films. We monitor the time-dependent electron density
within the oxide with picosecond time resolution using Terahertz spectro-
scopy, following optical excitation of theQDs using a femtosecond laser pulse.
QD-oxide electron transfer occurs with efficiencies of ∼2% in our samples
under 800 nm pumping with amarked dependence onQD size, ranging from
∼100 ps injection times for the smallest, ∼2 nm diameter QDs, to ∼1 ns
time scale for ∼7 nm QDs. The size-dependent electron transfer rates are
modeled within the framework of Marcus theory and the implications of the
results for device design are discussed.
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CdSe QDs sensitizing SiO2
9 and PbSe QDs sensitizing TiO2.

10

In both systems, the transient optical signals can be fully
accounted for by defect-related recombination within the QDs
after oxide sensitization.

Terahertz time domain spectroscopy11 (THz-TDS) has pre-
viously been shown to be a useful tool to monitor unambiguously
ET between the QD donor and the oxide acceptor.10 This tech-
nique is unique as it can probe the photoconductivity in the oxide
film after selective QD photoexcitation. The probing THz field
(0�8meV) provides ameans to perform an ultrafast, contact-free
conductivity measurement. As long as the charge carriers remain
localized in the QD, there is no real conductivity, but the THz
field interacts strongly with free electrons populating the oxide
conduction band. In this respect, THz-TDS, in contrast to optical
probes, can provide unambiguous information about ET rates on
QDs sensitizing oxide surfaces. The sample under study is
optically photoexcited by a 800 nm femtosecond laser pulse
(pump beam). Just after photoexcitation, the time-dependent
conductivity within the oxide is monitored by a terahertz field
(probe) with picoseconds time resolution. The time-dependent
conductivity signal is directly proportional to the product of
electron density and mobility within the mesoporous oxide.
Details about the THz-TDS setup, THz measurements, and
sample preparation are given in the Supporting Information.

Colloidal PbSe QDs sensitizing SnO2 mesoporous films were
studied in this work to probe ET dynamics in QD-oxide systems.
The bifunctional molecule MPA (mercapto propionic acid) was
employed to anchor the QD donors to the oxide acceptor. Our
motivation for studying this system is two-fold: SnO2 is a better
conductor than, for example, the broadly studied TiO2, and lead
salt-based QDs have been pointed as excellent candidates for
solar energy conversion12 due to their tunable bandgap covering
IR and visible wavelengths.

Figure 1 shows the carrier dynamics monitored by THz-TDS
for a sample consisting of PbSe QDs sensitizing SnO2 mesopo-
rous film before (0 h) and after 20 h of air exposure. Before air
exposure (0 h trace in Figure.1) the carrier dynamics are
governed by two components, a “fast” decay (τ2, recombination
process) and a “slow” (τ0 in Figure.1) ingrowth. The slow
ingrowth is attributed to ET from the QD to the oxide, but the
fast decay appears as a parasitic unexpected signature in the
carrier dynamics. More information about the different carrier
dynamics processes can be obtained by exposing the colloidal

QDs to air (oxidation), which has dramatic effects on their
optical properties.13�15 Oxidation causes the QD protecting
ligands to be removed, providing new nonradiative relaxation
pathways for the photogenerated e�h pairs. The resulting QD
surface traps will greatly reduce the chance for electrons to be
transferred to the oxide (electron trapping within the QD will
compete efficiently with ET). We can thus take advantage of the
oxidation phenomena in order to discriminate between ET and
parasitic signals. As shown in Figure 1, after 20 h of exposing the
sample to air, the slow ingrowth component (blue trace) has
vanished, indicating that the τ0 component is related with ET
from the QDs to the mesoporous oxide. For the oxidized sample
(20 h in Figure 1), two components are resolved after time zero
(0 ps in Figure 1), the fast recombination process (τ2, red line)
resolved also before oxidation and a long-time offset (τ1, green
line). In a previous publication, we attributed these parasitic
signals to electron transfer withinQD clusters,10 but we will show
here that other explanations are also possible and perhaps more
plausible. The measurement of a sample consisting on drop-
casted QDs exposed to air (Supporting Information, Figure S2)
provides dynamics that are compatible with the detected fast
recombination component (τ2, red line) at short time scales but
do not exhibit conductivity at long times assigned as the τ1
component (green line in Figure 1). Hence, the fast recombina-
tion process and the long-lived signals seem to originate from two
different mechanisms. A simple mechanism that can explain the
τ1 signal is the generation of new defect states in the SnO2 surface
induced by the presence of the PbSeQDs (e.g., direct attachment
of dots to the oxide phase). The subpicosecond ingrowth after
photoexcitation (τ1 component) is then related to photoexcita-
tion of electrons from these surface defect states to the oxide CB.
Reference measurements on bare SnO2 and SnO2 + MPA
mesoporous films did not reveal any real conductivity under
the same 800 nm pump (there are no shallow donors before QD
attachment), corroborating that the detected ultrafast τ1 signal is
induced after the QD attachment (defect related injection).
Interestingly, similar ultrafast carrier dynamics components have
been also reported for dye-oxide sensitization. Subpicosecond
signals have been attributed to hot carrier injection effects16 or to
the presence of dye induced surface defect traps17 acting as a
pathway for electron injection in the oxide. Although QD and
dye systems are intrinsically different, it is worth noting that the
latter scenario is identical to the defect-assisted injection giving
rise to the long-time conductivity concluded for the QD-oxide
system.

Fluence dependent measurements on PbSe+SnO2 samples
exposed to air (Supporting Information, Figure S3) suggest that
the parasitic τ2 component is related to a trap-assisted Auger
recombination process18 (the lifetime depends inversely on
carrier density, τ2 � 1/n). Auger recombination has been
reported to govern the carrier dynamics in both mesoporous
oxide films19 and QD supperlatices.20 Accordingly, we can relate
our measured fast recombination process with trapping of free
electrons populating the oxide or/and trapping within QD
aggregates (clusters10) present in the samples. Direct evidence
of clustering formation in our samples was obtained by structural
characterization (Supporting Information, Figure S4).

The strength of the Auger recombination signal was noticed to
depend on the probed area (Supporting Information, Figure S5),
indicating local variations of carrier relaxation strength within the
oxide and/or an inhomogeneous distribution of clustered phases
across the sample. If the detected Auger recombination happens

Figure 1. Characteristic carrier dynamics monitored by THz-TDS on
PbSe QDs sensitizing SnO2 film before (0 h) and after (20 h) exposing
the sample to air. The highlighted time constants (τ0, τ1, and τ2) are
correlated with three different mechanisms discussed in the text.
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within the oxide, the local variations are indicative of different
local concentration of anchored QDs (by MPA) and/or QD
induced surface defects that can enhance the generation of
bottlenecks for current flow within the oxide matrix (enhancing
Auger recombination). On the other hand, if the fast Auger
recombination is purely related to the presence of QD clusters,
their inhomogeneous distribution across the samples can be the
result of local chemical degradation of the clusters because of the
presence of water13 and/or an excess of MPA,21 or physically by
the nonefficient penetration of the QDs in the porous oxide films
promoting QD aggregation7,22 (Supporting Information, Figure
S4). Whatever the origin of the observed fast recombination, the
use of oxidematerials with a smaller surface-to-volume ratio (such
as “thick” nanowires) will in principle prevent its appearance in
the samples, avoiding bottlenecks for current flow and homo-
genizing the amount of attached dots per unit area.

Figure 2a summarizes the different mechanisms (from τ0 to
τ2) involved in the time-resolved conductivity signals for PbSe
QDs sensitizing SnO2 films as discussed before. The τ0 compo-
nent results from ET processes from PbSeQDs to the SnO2 film;
the τ1 signal results from the presence of oxide surface states
promoted by the attachment of QDs; and the τ2 component
comes from QD clusters and/or bottlenecks for current flow
within the oxide. In Figure 2b is shown how the Auger recombi-
nation processes (τ2) can arise from an inhomogeneous dis-
tribution of electron donor phases (anchored QDs or surface
states) promoting bottlenecks for the current flow. Note that,
although from different origins, the mechanisms τ0 and τ1 will
contribute both to the photocurrent on QDSSCs devices.

From our measurements we can obtain an estimate for the
efficiency of the ET process (under 800 nm photoexcitation)
between the QD donor and oxide acceptor in our samples by the
following simple comparison:

Ef f iciencyET ¼ ConductivityðPbSe þ SnO2Þ
ConductivityðSnO2Þ ð1Þ

Where Conductivity(PbSe+SnO2) and Conductivity(SnO2) re-
fers to the measured real conductivity amplitude signals in
the QD sensitized sample (Figure 1, when reaching the plateau

value at 1 ns) and a SnO2 reference sample with known excitation
density due to direct excitation from the valence band (amplitude
just after photoexcitation with 266 nm light). From eq 1, a value
of EfficiencyET = 2.0( 0.6%was obtained when considering only
the amplitude relative to the pure ET process (τ0 in Figure 1).
The efficiency reaches values of 3.7 ( 0.6% when also the τ1
process (Figure 1) is considered. The error bar accounts for the
measured locally variations in the real conductivity amplitudes
across the samples. These modest figures cannot be considered
as an intrinsic feature of the PbSe + SnO2 system but as a result
coming from our particular samples, where presumably an excess
of QDs (clustered and nonlinked to the oxide surface, Support-
ing Information, Figure S4) are responsible for the high photon
absorption and small electron transfer efficiency.

Having identified unambiguously the τ0 component as the QD-
oxide ET time, we determine the QD size dependence of ET rates
in these systems. Figure 3 shows the real conductivity (propor-
tional to the free carrier concentration) versus pump�probe delay
(temporal window between 0 and 500 ps) for a set of 6 PbSe QD
sizes (diameters from 2.15 to 7.76 nm). In order to extract the ET
rate constants from the QDs to the oxide (τ0 in Figures 1 and 2),
we describe the data using the following equation:

σrealðtÞ ∼ NðtÞ ¼ N0 1� exp � t
τ0

� �� �
þ y1 ð2Þ

WhereN(t) represents the amount of free carriers in the samples as
a function of time, (1/τ0) = k0 is the rate constant for the ET
between QD and oxide and y1 is a DC offset representing the
contribution from the τ1 mechanism (Figures 1 and 2). Data from
50 ps onward were considered (blue traces in Figure 3) to reduce
complications due to contributions from Auger recombination,
which is largely complete by that time. The simple, single-
exponential ingrowth model (eq 2) reproduces the data remark-
ably well; there are no grounds for using several and/or stretched
exponentials (see below). The single exponential fitting indicates a
high degree of homogeneity in the attached QD, in terms of both
the average distance between the dot and the oxide (defined by the
MPA linker) and QD size (determining the relative band align-
ment between donor and acceptor, ΔG in Figure 2). Direct
evidence for the latter was obtained by transmission electron
microscopy (TEM) analysis on the samples (Supporting Informa-
tion, Figure S4). We find no evidence for significant hot ET

Figure 2. (a) Proposed scenario describing contributions to the carrier
dynamics measured by THz-TDS on PbSe sensitizing mesoporous
SnO2. τ0 refers to the electron transfer from isolated QDs first excite
state to the oxide CB (defined by ΔG); τ1 refers to electron injection
from surface defect states to the oxide CB; τ2 refers to trap-assisted
Auger recombination within the oxide nanoparticles and/or within QD
clusters. (b) Auger recombination (τ2) can be enhanced locally in the
oxide due to an inhomogeneous distribution of donor phases (τ0 and τ1)
and/or bottlenecks for current extraction.

Figure 3. QD size-dependent electron transfer monitored by THz-
TDS on PbSe QDs sensitizing SnO2 films. Blue lines show a single-
exponential increase in the conductivity. Different traces are multiplied
by different factors for comparison purposes.
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(electron transfer fromQD levels above theQD first excited state),
as previously reported23 for PbSe QDs sensitizing TiO2.

Figure 4 shows the QD-oxide ET times as a function of QD
diameter obtained from themodel shown as blue lines in Figure 3
(numbers are also included in Table 1). Within the investigated
QD size range, a more or less linear dependence is obtained.
These results explain why a single exponential fitting (by eq 2)
provides an adequatemodel for the ET processes observed in our
samples (see Figure 3). A characteristic broadening of∼60 meV
for the first QD absorption peak in our samples was measured by
optical spectroscopy. From this broadening we can infer a
variation in size of our QDs of around 5% (in agreement with
TEM observations, Supporting Information Figure S4). Accord-
ing to the results shown in Figure 4, such a variation in QD size
would result in a variation in injection rates of (16 ps which is
not enough to be reflected in the carrier dynamics given the
limited signal-to-noise ratio of our measurements (see error bars
in Table 1).

Electron transfer processes between two discrete energy states
can be modeled by the Marcus theory.24 This theory has been
extended for describing electron transfer processes taking place
in systems were the acceptor is defined by a continuum of states,
as occurs in dye-25 and QD-9 sensitized oxides. Accordingly, our
monitored QD size-dependent ET rate can be modeled as
follows:

kET ¼ 2π
p

Z ∞

�∞
dEFðEÞjHABðEÞj2 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4πλkBT
p exp � ðλ þ ΔG þ EÞ2

4λkBT

 !

ð3Þ
Where kET is the transfer rate constant between donor and
acceptor species which is governed by (i) the density of accepting
states in the oxide F(E), (ii) the distance between donor and
acceptor (defining the wave function overlap, |HAB(E)|

2), (iii)
the energy difference between donor and acceptor energy levels
(defined byΔG, Figure 2a), and (iv) the reorganizational energy
(λ). Most of these parameters can be or have been determined
independently. The density of states F(E) near the oxide band
edge can be described by a E1/2 dependence25 and the values for
the relative band alignment between donor and acceptor (ΔG
included in Table 1, see Figure 2a) can be estimated according to

their respective alignments versus vacuum.26,27 The reorganiza-
tional energy (λ) that accounts for energy fluctuations in the
system due to the charge transfer, has been reported to have
characteristic small values of tens of millielectronvolts between
nanocrystals9,28 (with only passivating QD surface ligands or
vibrational modes contributing to λ). The wave function overlap
|HAB(E)|

2 between donor and acceptor has been approximated
as an energy-independent constant in previous works.9,25 How-
ever, a more realistic energy dependence of the wave function
overlap function between the QD and the oxide CB would have
to take into account that the degree of electronic coupling is
dependent on the leakage of the electron wave function outside
the QDs. This has been shown to be larger for smaller QDs
(stronger confinement) following a quadratic relationship with
energy.29 Accordingly, we have approximated the wave function
overlap between the QD and the oxide CB as |HAB(E)|

2� E2. In
the inset of Figure 4, the solid line shows the best fitting obtained
(with λ = 1 ( 50 meV) when including the quadratic energy
dependence of the wave function overlap due to QD quantum
confinement. Apart from a scaling factor, the obtained descrip-
tion is in good agreement with the experimental data, showing
the importance of the wave function overlapping contribution in
the ET rates for the system under study. The dashed line (inset
Figure 4) shows the same model assuming that |HAB(E)|

2 is
energy independent. We note that quantum confinement and
hence wave function leakage in PbSe dots is particularly strong
due to its big Bohr radius.12

Future analysis on the ET rates for different quantum dot-
oxide material configurations, its dependence on the electron
donor�acceptor separation (by employing bifunctional linkers
of different length) and its dependence on the surrounding hole
acceptor phase may further clarify the complex physicochemical
processes governing ET in QDSSCs.

From the results presented above, we can draw some conclu-
sions on their implications for solar cell device performance.
Ultimately the potential of a QD sensitized solar cell for
producing photocurrent hinges on how efficiently ET occurs.
As shown above, using THz-TDS we are able to quantify the
efficiency of the ET process in QD sensitized oxides. For our
particular samples we obtained efficiencies of few percents in the
ET process under 800 nm excitation. These modest figures
cannot be considered as an intrinsic feature of the PbSe +
SnO2 system but as a particular result coming from our samples.
The small ET efficiency (corrected for photon absorption
efficiency) can presumably be traced to the presence of QDs with
a high concentration of surface defects (killing ET efficiency as
shown in Figure 1 for oxidized samples) and/or by the presence

Figure 4. QD size-dependent electron transfer lifetime for PbSe dots
anchored to SnO2 by MPA. The inset depicts the corresponding rate
constants as a function of the relative band alignment (ΔG) between
donor and acceptor species; the solid (dashed) red line is the best fit
following many-states Marcus theory when considering a quadratic
(constant) dependence on energy for the wave function overlap
between the QD and the oxide (see text for details).

Table 1. Electron Transfer (τ0) Times, Rate Constants (kET),
and Relative Band Alignment (ΔG) between QD Donor and
SnO2 Acceptor As a Function of PbSe QD Diametera

QD diameter (nm) ET time τ0 (ps) rate constant kET (s‑1) ΔG (eV)

2.15 120 ( 8 8.33 � 109 0.74

2.45 170 ( 25 5.91 � 109 0.70

3.45 210 ( 25 4.83 � 109 0.59

3.94 235 ( 25 4.27 � 109 0.54

5.31 480 ( 40 2.07 � 109 0.44

7.76 700 ( 1100 1.44 � 109 0.33
aΔG = [LUMOQD � CBoxide] values were estimated attending to the
reported QD and oxide alignments versus vacuum.26,27
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of QD aggregates responsible for the high absorption and small
ET efficiency (after photoabsorption the ET process take place
between QDs, τ2 in Figures 1 and 2, and not from QDs to the
oxide).

The presence of QD clusters has been resolved in our
samples by TEM measurements and is compatible with the
measured ultrafast decay component in the carrier dynamics for
QD sensitizing oxides (Supporting Information, Figure S4). As
mentioned above, one simple route to prevent QD aggregation
is to employ oxide geometries with a smaller surface-to-volume
ratio, promoting a homogeneous distribution of attached dots
per unit area. On the other hand, if QD clustering formation is
unavoidable when sensitizing oxides, we have to try to take
profit from its presence in future devices. One route to do so
can be the modification of surface chemistry of the dots. This
approach has been shown to enhance QD coupling in QD
superlatices30,31 and hence long-range electron transport among
QDs. By using the same strategy when sensitizing oxides we can
force our QD clusters to contribute to the injection of eletrons
into the oxide. In other words, not only QDs directly contacted
to the oxide will contribute to the solar cell photocurrent.

Finally, from the QD size-dependent analysis we have ob-
served that ET is directly correlated with the energy difference
between donor and acceptor levels (ΔG, Figure 2a) as Marcus
theory predicts. The faster ET processes, a priori a desirable
situation for solar cell performance, is achieved by the biggerΔG
values (in our system, ET occurs on ∼100 ps for ΔG ∼ 700
meVs, see Table 1). However, while largerΔG values will serve to
increase the current, the device potential will be reduced in
proportion toΔG.32 All things considered, the route to achieving
the best efficiency in QD sensitized solar cells is by selecting the
QD size with the slowest ET time (smallestΔG) compatible with
the rest of the kinetic processes taking place within the QDs
(recombination processes within the QDs and QD regeneration
by the electrolyte). Additionally, ET processes can be enhanced
for a fixed ΔG by reducing the distance between donor and
acceptor species (i.e., by changing surface ligands or by direct
growth of the QDs onto the oxide).

In conclusion, we employed THz-TDS as a unique tool for the
direct and unambiguous determination of electron transfer rates
and efficiencies from PbSe QDs to mesoporous SnO2. Also, we
propose a single route to discriminate among the detected
mechanisms in the carrier dynamics consisting on measuring
the samples before and after sample’s air exposure (oxidation
process). By doing so, we observed that the electron population
in the oxide CB after selective photoexcitation of the QDs is
contributed by surface defect states induced by the QD sensitiza-
tion that are inhomogeneously distributed across the oxide films.
It was further shown that the population of electrons in the oxide
CB could be limited by trap-assisted Auger recombination. We
analyzed the ET rates (with efficiencies∼2% in our samples) as a
function of QD size for the PbSe + SnO2 system and discussed
our results within the Marcus theory framework showing that
small reorganizational energies can be characteristic for these
systems. Finally, we draw some implications for realizing devices,
highlighting that the payback for achieving ultrafast electron
transfer processes is the reduction of the potential output solar
cell voltage. In this respect, slower ET processes (due to reduced
ΔG values) compatible with QD regeneration and electron
transport are desirable for achieving higher efficiency in future
devices.
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