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ABSTRACT: We examine ultrafast intraconduction band relaxation
and multiple-exciton generation (MEG) in PbS quantum dots
(QDs) using transient absorption spectroscopy with 120 fs temporal
resolution. The intraconduction band relaxation can be directly and
excellently resolved spectrally and temporally by applying broad-
band pump−probe spectroscopy to excite and detect the wave-
lengths around the exciton absorption peak, which is located in the
near-infrared region. The time-resolved data unambiguously
demonstrate that the intraband relaxation time progressively
increases as the pump-photon energy increases. Moreover, the relaxation time becomes much shorter as the size of the QDs
decreases, indicating the crucial role of spatial confinement in the intraband relaxation process. Additionally, our results reveal the
systematic scaling of the intraband relaxation time with both excess energy above the effective energy band gap and QD size. We
also assess MEG in different sizes of the QDs. Under the condition of high-energy photon excitation, which is well above the
MEG energy threshold, ultrafast bleach recovery due to the nonradiative Auger recombination of the multiple electron−hole
pairs provides conclusive experimental evidence for the presence of MEG. For instance, we achieved quantum efficiencies of 159,
129 and 106% per single-absorbed photon at pump photoexcition of three times the band gap for QDs with band gaps of 880 nm
(1.41 eV), 1000 nm (1.24 eV) and 1210 nm (1.0 eV), respectively. These findings demonstrate clearly that the efficiency of
transferring excess photon energy to carrier multiplication is significantly increased in smaller QDs compared with larger ones.
Finally, we discuss the Auger recombination dynamics of the multiple electron−hole pairs as a function of QD size.

KEYWORDS: intraconduction band relaxation, exciton multiplication, PbS quantum dots,
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Multiple-exciton generation (MEG) for single high-energy
photon absorption is one of the most remarkable

features of semiconductor quantum dots (QDs) and other
nanoscale materials.1−5 It represents a possible new path
toward increasing the conversion efficiency of solar cell
devices.6−8 These possibilities have encouraged researchers to
study MEG extensively in a variety of QDs of different sizes,
not only to understand the physics of this high-order
phenomenon, but also to improve the conversion efficiency
of solar cell devices through optimal-photon energy utiliza-
tion.2,9−12 In the MEG process, the excess energy of an
absorbed high-energy photon is used to generate an electron or
hole with kinetic energy greater than the lowest unoccupied
molecular orbital−highest occupied molecular orbital
(LUMO−HOMO) transition energy, that is, the energy band
gap, Eg, of the semiconductor. This excess energy is transferred
via the Coulomb interaction to the valence-band electron,
exciting it across the energy band gap, to create one or more
additional electron−hole pairs rather than being wasted as heat
through electron−phonon interactions.13 Theoretically, the
high efficiency of the MEG process is attributed to the
formation of a coherent superposition of single- and multiple-

exciton states; the latter are generated extremely fast upon
absorption of high-energy photons.14,15 It was also found that
the two types of states exhibit different decay rates and that the
ratio of these rates determines whether a single photon can
create a single exciton or multiple excitons.16 On the other
hand, there is mounting evidence that MEG in QDs may occur
via a process of impact ionization, which is similar to the one
operative in the bulk.17 Due to quantum confinement, impact
ionization in QDs is modified and the MEG efficiency in QDs
is thus different from that of the bulk.
Several groups initially presented evidence of pronounced

MEG manifestation in a variety of semiconductor QDs,18−21

and a MEG quantum yield (QY) of seven excitons per single-
absorbed photon (700%) was reported in PbSe QDs.22 In sharp
contrast, other experimental investigations have recently
reported much lower yields or even the absence of
MEG.23−26 For instance, Nair et al.24 reported that at most
0.25 additional electron−hole pairs were generated per single
photon absorption in PbSe and PbS QDs, even under excitation
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at photon energies five times their Eg. The contradicting
assessments have raised serious concerns about the efficiency of
MEG in QDs and warrant additional efforts not only to reassess
MEG, but also to understand the electronic states involved in
the excited QDs.
Electronic state-to-state relaxation is one of the most

fundamental issues of concern in the photophysics of nanoscale
materials. Due to large energy-level spacing in QDs, their
carrier dynamics and electronic relaxation are significantly
different from those in bulk materials.9,27,28 Moreover, the
existence of well-separated energy levels may act to reduce the
rate of phonon emission from the highly excited carriers, and it
may subsequently contribute to the efficient MEG.29 In this
regard, a profound understanding of the state-to-state transition
involved in excited QDs, by which excitons with high kinetic
energy can relax from higher to lower levels, is essential for
utilizing QDs with optical gain30 and MEG2,18 in many
potential applications.
From a practical perspective, ultrafast exciton dynamics,

particularly the electronic structural dynamics in CdSe QDs,
have been intensively explored using femtosecond-transient
absorption and photoluminescence methodologies.1,10,31−41 By
applying pump−probe spectroscopy, QDs used in solar energy
applications have been intensively investigated through
experimental mapping of their intraband relaxation and
exciton-multiplication dynamics.1,2,41−43 While the fabrication
of QDs has seen much progress,44−48 the debate on
fundamental dynamical information related to their electronic
states remains open.10,40,42,43 Specifically, the intraconduction
band relaxation processes in PbS QDs have yet to be elucidated
due in part to the limitations of current experimental
techniques in pumping and detecting with broadband
capabilities in the near-IR spectral region, where the first
exciton absorption peak is located.42 Significantly, the lack of
such information hampers the accurate determination of
whether the depopulation of high quantized states is due to
carrier trapping at surface defects or to intraband relaxation into
intrinsic QDs states.
Here, we report the real-time observation of intraband

relaxation of PbS QDs as a function of pump-photon energy
and QD size. By monitoring the ground state bleach and
excited state absorption bands using femtosecond broadband
transient absorption spectroscopy, we decipher and evaluate the
intraband relaxation from higher excited states to the band edge
(1Se state) of the QDs. More importantly, we provide
conclusive experimental evidence of a strong size dependence
of the quantum yield (QY) of MEG; MEG exists in small QDs
≤ 1210 nm in size, but it is absent in larger sizes under the
same excitation conditions (three times the Eg). This
observation verifies that the efficiency of transferring excess
photon energy to the carrier multiplication is increased as the
QD size decreases, leading to a reduced MEG threshold and an
increased QY.

■ RESULTS AND DISCUSSION
PbS QDs absorb light in the near-IR region, as representatively
shown by the steady-state absorption spectra of two different
sizes of PbS QDs (Figure 1). We assigned the well-defined
absorption peaks centered at 1080 and 1355 nm to their Eg,
equivalent to the lowest optical transition between spatially
confined electron and hole states. The QDs are nearly spherical
in shape, as indicated by TEM images in the top panels of
Figure 1.

Since the bleach recovery of the lowest absorption peak
reflects the depopulation of excited carriers in the 1S state, we
used it as a convenient probe to follow the electronic relaxation,
carrier recombination, and multiplication dynamics of various
sizes of PbS QDs with band gaps ranging from 0.79 eV (PbS-
1560) to 1.41 eV (PbS-880). In Figure 2, we show the transient
absorption (TA) spectra of PbS-1355 at different excitation

Figure 1. Steady-state absorption spectra of PbS-1080 (red) and PbS-
1355 (green) in toluene, corresponding to Eg of 1.15 and 0.92 eV,
respectively. The top panel represents their HRTEM images with 20
nm scale bars. The well-defined absorption peak corresponds to the
first exciton absorption peak (the 1Sh−1Se transition).

Figure 2. Averaged near-IR transient absorption spectra at indicated
delay time windows after excitation at 1355 (A), 900 (B), and 678 nm
(C). The 1Se exciton bleach at 1355 nm is attributed to the state filling
of the 1S electron and hole level, and the positive band at 1090 nm is
caused by ESA. For clarity, the insets in (B) and (C) show magnified
views of the formation of the ESA band.
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wavelengths, 1355 (A), 900 (B), and 678 nm (C),
corresponding to 1, 1.5, and 2 times the Eg, respectively. In
addition to the ground state bleach at 1355 nm, due to the
removal of the population from the occupied valence band,
positive absorption bands appear at 1090 and 1480 nm. The
photoinduced absorption features and assignments have been
reported by Klimov et al.49 Based on the spectral shape, the
formation with zero excess energy (excitation in the band gap)
and decay time constants at the different energies of photon
excitation, the positive peak at 1090 nm is the exited-state
absorption (ESA) of the excited charge carrier, while the
positive peak at 1480 nm is a clear spectroscopic signature for
hot electrons (see also Figure S2). This broad feature is
observed when the band-edge states are unoccupied, that is,
when the carriers are in the excited “hot” states, due to a
Coulombic shift of the band-edge transition (usually referred to
a biexciton shift).37,39 After the carriers relax into the band-edge
states, this feature becomes overwhelmed by the 1S bleaching.
The dynamic responses of the ground state bleach and the band
at 1090 nm after the intraband relaxation are very similar
(Figure S3), supporting our assignment for the ESA. It is worth
pointing out that the substantial spectral overlap with the
ground state bleach at 950 and 1150 nm due to 1Ph → 1Pe and
1Sh → 1Pe transitions

29 makes the amplitude of the ESA band
smaller compared with the ground state bleach at 1355 nm. We
should also note that, because this peak does not show any
spectral shift at different pumped-photon energies, we can
therefore exclude the quantum-confined Stark effect that
induces a red shift in the absorption spectrum.50 Interestingly,
the time constant of the formation of ESA band depends on the
pump-photon energy. It instantaneously appears when the
pump-photon energy is equal to the band gap energy (no
excess electron kinetic energy), providing clear indication of an
immediate population of the 1Se state.
For the pump-photon energy at Eg, the electron is already

loaded in the 1S state; hence, no further possible relaxation is
expected and the nanosecond decay of this TA signal is due to
electron repopulation via radiative recombination (Figure 2A).
On the other hand, with the excess photon energy of the
excitation pulse (Figure 2B,C), the formation of the ESA band
shows a clear delay as it reaches its peak value within 2−8 ps. In
this regime, the three-dimensional (3D) surface in Figure 3
presents the loading time of PbS-1355 electrons to the 1S state
with pump pulses centered at wavelengths of 1.5, 2, and 2.8
times the Eg, demonstrating clearly the dependence of the
electron loading time on the pumped-photon energy. The
dynamical feature of the ESA band can be attributed to the
intraband relaxation, that is, the loading of the exciton from
higher-lying states into the electronically cold, band edge state.
Simultaneously, the bleach recovery of the second electronic
excited state centered at 950 nm, assigned as the 1Ph → 1Pe
transition,51 is associated with ESA band formation (Figure 4).
This finding provides strong experimental evidence of intra-
band relaxation from higher energy levels into the electronically
cold 1S state.42 Additionally, as a result of intraband relaxation,
there is a rise in the magnitude of the 1S bleach, especially at
early time delay (see also, Figure S2). However, the rise of the
ground-state bleach is relatively small since we do suspect that
some of the 1P electrons are going into trap-states at high
energy levels, rather than relaxing into the 1S state, which is
consistent with the picture of charge carriers in the higher-lying
energy states having a greater probability to be trapped.52

However, due to the strong spectral overlap between 1Ph →

1Pe, 1Sh → 1Pe, and ESA bands, a precise determination of how
much trapping versus relaxation (by comparing the relative
magnitudes of the two signals) is extremely difficult.
Notably, as anticipated, the intraband relaxation becomes

much faster as the QD size decreases. For instance, for the
pump-photon energy at two times the Eg, the relaxation time is
2.6 ps for PbS-1560, and it shortens to 800 fs for PbS-1220.
This demonstrates the key role of spatial confinement in the
enhancement of the intraband relaxation as well as the absence
of a phonon bottleneck. A similar size-dependent intraband
relaxation has been observed in PbS and PbSe QDs with
different Eg values from 950 to 1950 nm.42,53 The time
constants of the intraband relaxation in PbS QDs in this study
are comparable to an earlier report,42 but they are longer than
those in CdSe and PbSe QDs (on the order of 200 fs).14,30,43

Interestingly, there is a linear relationship between the build-up
time of the 1Se state as a function of QD size and the pump-
photon energy (Figure 5B,C). This would mean that the same
initial excitonic states are not necessarily populated for each size
of QD, because there are multiple channels by which a carrier

Figure 3. Three-dimensional surface and a corresponding contour plot
of PbS-1355 with Eg of 0.92 eV for pump-photon energy at
wavelengths of 900 (A), 678 (B), and 500 nm (C), corresponding
to 1.5, 2, and 2.8 times the Eg, respectively. The loading time of
electrons from a higher state into the 1S state is very sensitive to the
excitation photon energy.
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can relax in semiconductor QDs. Each of these channels has a
size dependence that is distinct.54 However, to demonstrate this
linear dependence quantitatively, we must turn to high-level
theoretical investigations,15 which are beyond the scope of this
study.
The intraband transition in PbS QDs at high photon energies

may be slowed down by the MEG process. However, because
the dynamic responses of the ground state bleach and the ESA
after the intraband relaxation are very similar and do not
depend on the photon energy (see Supporting Information,

SI), the possibility of a MEG process in PbS-1355 can also be
ruled out under our chosen pump-photon excitation. Thus, a
possible explanation for the slow intraband relaxation in PbS
QDs is that the pump-photon energy at 1.5 or 2Eg can excite
the QDs into the 1Pe or an admixture of 1Se and 1Pe states with
an exponential intraband 1Pe → 1Se transition taking place at a
time constant of 0.65 and 1.80 ps, respectively, which is in
contrast to an instantaneous population in the 1Se state (see
Figure 2A) when the pump-photon energy is at the first exciton
absorption peak at 1355 nm (1Eg). At higher photon energies
(3Eg or 4Eg), the excitation will be in a state higher in energy
than 1P; thus, the initial electronic state could be a mixture of
1Pe and higher-lying states.55 In this case, the average time
constant of the relaxation process (2.80 and 3.40 ps,
respectively) arises from the superposition of dynamics with
different relaxation times, as the carrier relaxation will follow a
sequential/hopping mechanism via subsequent lower-lying
states with a complex kinetics profile, for example, k2D→2P,
k2P→1P, k1P→1S.

15,40 The overlap in time of these sequential
processes gives rise to a single exponential profile with one time
constant that is an average of the time constants of the stepwise
processes. It should be noted that it is likely that a series of
relaxation processes can give rise to single-exponential decay
especially when the time constants of the dynamical events are
not very well separated, as can be expected in our case, due to
the high density of states. The observation of a single time
constant out of sequential steps in other systems has been
previously determined by time-resolved spectroscopy and
supported by molecular dynamics simulations.56 Given that
the depopulation of the 1P state and the population of the 1S
state is the dominant step, as indicated in Figure 4, the
subpicosecond to few picosecond time constants of the
intraband 1Pe → 1Se are in agreement with those reported
by Van Stryland and co-workers.42

It is well documented by ultrafast time-resolved spectro-
scopic methodologies that there is a significant difference in the
excited state population dynamics of single and multiple
excitons.2,4 More specifically, in the single exciton regime, the
excited state dynamics are typically governed by a slow radiative
decay corresponding to electron−hole recombination,57 while
in the presence of multiple excitons, an additional fast-decay
component can be observed due to nonradiative Auger
recombination, leaving only one exciton per individual
QD.2,11 In this sense, one can use this feature as a spectroscopic
signature to track MEG processes in the time domain. Thus, to
evaluate the MEG process in PbS QDs, in Figure 6, we present
the TA data at different pump-photon energies for PbS QDs
with band gaps of 1080 nm (1.15 eV). When we tuned the
photon energy to 1 or 2 Eg (for which MEG is not expected to
occur), the ground state bleach showed a small decay on the
picosecond time scale, and its amplitude was a few percent
higher than the reported value for similarly sized PbS QDs.58

This decay may be attributed to state trapping (which lies just
below the first confined electron state)52 due to the uncapped
QD surface, which provides additional recombination path-
ways.45 In this regard, we note that, although individual organic
ligands can efficiently passivate surface trap states, the steric
hindrance between adjacent ligands makes complete surface
coverage unrealistic.59 More importantly, it has been
emphasized that carrier multiplication occurs more rapidly
than does the capture of excited carriers in traps.52 As a result,
this small decay and its dynamics may not add appreciable
uncertainty to the estimation of MEG. On the other hand, we

Figure 4. (A) ESA band of PbS-1355 at 1090 nm. The pump-photon
energy as indicated in the figure. (B) The decay of the second exciton
peak at 950 nm, which is associated with the Ph → Pe transition,
indicating the direct 1P → 1S transition. The solid line represents the
single exponential fit of the experimental data.

Figure 5. (A) 1P → 1S decay for different sizes of PbS QDs after
photoexcitation at 2Eg, showing that the intraband relaxation is very
sensitive to the QD size, and the intraband relaxation time as a
function of (B) Eg and (C) the excess energy above the Eg.
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emphasize that increasing the pump-photon energy well above
the quantum-confined band gap causes a clear acceleration of
the bleach decay and increases the percentage of its recovery
due to Auger recombination processes of multiple electron−
hole pairs (Figure 6C,D), providing clear evidence of the
increasing number of electron−hole pairs with increased pump-
photon energy. It should be noted that with the pump
excitation fluences in our experiments, the average number of
photons absorbed per QD per pump pulse was about 0.18.
Under this condition, one exciton per dot is assured, and thus
the estimation of MEG is valid,60 but for accuracy of MEG
estimation,60 based on Poisson distribution of photon
absorption events, the direct generation of multiple excitons
via absorption of multiple photons has been corrected.
Moreover, we should also emphasize that the transition to
the MEG regime results not only in the change in population
dynamics (due to activation of Auger decay) but it also
dramatically modifies the spectral response of the quantum
dots.
Figure 7 shows a comparison of the bleach recovery

dynamics, on the hundreds of picoseconds time scale, for
different sizes of PbS QDs at a photon energy equal to 1Eg (for
which no MEG is expected) and 3Eg. A global fitting procedure
for the bleach recovery of PbS-880, PbS-1000, and PbS-1210
indicated that the additional fast component due to non-
radiative Auger recombination is significantly faster when going
from bigger to smaller QD sizes. For instance, the
recombination time is 40 ps for PbS-1210, and it shortens to
31 and 16 ps for PbS-1000 and PbS-880, respectively. It is clear
that the recombination time correlates linearly with the

estimated volume of PbS-1210, PbS-1000, and PbS-880 (39,
33, and 18 nm3, respectively). Such a linear correlation between
Auger lifetimes with QD volume has been pointed out for
CdSe, PbSe, and PbS QDs.39,61

Since the magnitude of the ground state bleach recovery is
directly proportional to the exciton depopulation, it is possible
to determine the average number of electron−hole pairs (Nx)
generated by a single high-energy photon. The Nx is calculated
as the ratio between the initial signal amplitude (multiexciton)
and the long-time signal amplitude (single exciton). MEG QY
can be estimated as QY = 100Nx, and the biexciton yield of
photon-to-exciton conversion is calculated from ηxx = QY-100.
It is worth mentioning that the solution was constantly stirred
to have a fresh sample volume for each laser shot to exclude any
signal contribution from photocharging (see Experimental
Section in the SI). As can be seen in Figure 7A,B, a MEG QY of
159 and 129% can be achieved for PbS-880 and PbS-1000,
respectively, at the pump-photon excitation of 3Eg. Note that
the pump fluence at 3Eg especially for Pb-880 is too low to keep
the average absorbed photon at 0.18. Based on repeated
experiments, the sensitivity of the power meter, and the beam-
size measurements, the error bar was estimated to be about
10%. We also determined that, at 3Eg, the MEG of PbS-1210 is
106%, which is fairly in agreement with a value reported
recently (112%) for a similar PbS QD size.62 On the other
hand, under the same experimental conditions, we found Nx ≈
1 for PbS-1355 and PbS-1560 (see SI), indicating the absence
of MEG. This finding is also in good agreement with recent TA
data reported on a similar QD size.29 More specifically, for PbS-
1560, the exciton multiplication energy threshold is higher than
4Eg (data not shown), and it may tend to match that of bulk
PbS.42 In this regime, the QY of multiple-exciton generation at

Figure 6. Series of TA spectra for PbS-1080 for pump-photon energies
of 1, 2, 3, and 3.7 Eg. For pump excitations higher than 2Eg, there is an
additional fast component that corresponds to the multiple-exciton
generation. On the other hand, no measurable MEG is observed for
excitation at 2Eg, in good agreement with recent TA data reported on a
similar QD size.29

Figure 7. Bleach of the first exciton state for PbS-880 and PbS-1000 at
photon energies of 1Eg (green) and 3Eg (red). By dividing the initial
TA signal amplitude (multiexciton) by the long-time signal (single
exciton), photoexcitation quantum efficiencies of PbS QDs were
calculated. Note that the sign of the signal is reversed and normalized
for clarity.
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a pump-photon energy of 3Eg as a function of the QD band gap
is presented in Figure 8. The higher MEG QY with the

decrease in PbS QD size demonstrates that the efficiency of the
carrier-multiplication increases with decreasing QD size. This
finding underscores the important notion in recent reports that
MEG QY of this type of QD is strongly size-dependent,
whereas the MEG QY of PbSe QDs is size-independent.61,63 It
also further demonstrates the critical role of the confinement
on the dynamics of Auger recombination of multiple electron−
hole pairs in PbS QDs. The distinct size-dependent trends in
MEG QY in PbS and PbSe QDs has been attributed to the
differing behaviors of the energy-loss rate related to non-MEG
processes.61 This means that, in smaller PbS QDs, the strong
confinement induces enhancement in the Coulomb interactions
due to closer proximity of the charge carriers, reducing the
energy required to generate a new electron−hole pair after the
MEG threshold is achieved.61 In the regime of multiple e−h
pairs, the extracted kinetics indicates that the carrier dynamics
becomes faster as the number of e−h pairs increases. This is
not surprising, because multiple e−h pairs lead to an increase in
the Auger-accelerated multiple-exciton recombination.14,60,63

■ CONCLUSIONS
Using femtosecond broadband transient absorption spectros-
copy, we presented the carrier state-to-state intraband
relaxation in colloidal PbS QDs and resolved the carrier
loading time into the band edge from an arbitrary initial state
prepared by photoexcitation above the effective band gap. We
found that the 1P → 1S carrier relaxation time is ultrafast (sub-
to picosecond time scales), and it depends strongly on the
initial state, which is related to the pump-photon energy.
Moreover, our results indicate that the intraband relaxation of
PbS QDs is very sensitive to QD size; it becomes much faster as
the size of the QDs decreases, demonstrating the key role of
high carrier density in smaller QDs in intraband relaxation
dynamics. The data unambiguously demonstrate that the carrier
intraband relaxation in PbS QDs is sufficiently fast to be
completed successfully before nonradiative Auger recombina-
tion becomes competitive. Our findings on the state-to-state
transition might be an important adjustable parameter in future
theoretical studies that analyze precisely the MEG mechanism.
In addition to the state-to-state relaxation dynamics, we report
a quantitative analysis of MEG as a function of QD size, which

can be identified via electronic spectroscopy on the basis of the
fast decay of the Auger recombination. At a photon excitation
above the energy threshold of MEG, fast exciton Auger
recombination dynamics is evident, serving as a spectroscopic
signature for MEG. Quantitative analysis of the data reveals that
MEG is a function of QD size, where large-sized QDs exhibit a
higher MEG threshold and, subsequently, lower QY compared
with the small-sized QDs. As a consequence, the threshold
photon energy for MEG in QDs, which is reported to be twice
the lowest exciton absorption energy (the limit defined by
energy conservation), cannot be generalized for all QD sizes.
Thus, MEG estimation is expected to depend not only on
pump-photon energy but also on the particle size.

■ METHODS

PbS QDs Preparation. Oleic-acid capped PbS quantum
dots were synthesized using lead oleate and bis(trimethylsilyl)
sulfide as precursors in 1-octadecene, as described elsewhere64

(also see the SI for details). The steady-state absorption spectra
of the PbS QDs dispersed in toluene were measured using a
Cary 5000 UV−vis-NIR spectrophotometer (Varian Inc.). Note
that we refer to our QD samples based on the wavelength of
their LUMO−HOMO transition energy. For instance, we call
the sample with a 1Sh−1Se peak at 1355 nm, which is related to
the energy band gap (Eg) in the semiconductor and equivalent
to the LUMO−HOMO transition energy in molecular systems,
as PbS-1355.

Transmission Electron Microscopy (TEM). TEM images
were obtained using a TitanG2 80−300 instrument equipped
with an image-corrector from CEOS and an energy-filter
(Gatan Inc.) was used for the high-resolution TEM (HRTEM)
characterization of the QDs. The PbS QDs sample was
obtained by deposition of the QDs suspended in a toluene
solution on an ultrathin carbon film on 400-mesh copper grids,
followed by drying in air for at least 1 h before imaging.

Pump−Probe Transient Absorption (TA) Spectrosco-
py. In the pump−probe transient absorption experiments, a
white light continuum probe pulse was generated in a 2 mm-
thick sapphire plate contained in an Ultrafast System LLC
spectrometer by a few μJ pulse energy of the fundamental
output of a Ti:Sapphire femtosecond regenerative amplifier
operating at 800 nm with 35 fs pulses and a repetition rate of 1
kHz. The spectrally tunable (240−2600 nm) femtosecond
pulses generated in the Optical Parametric Amplifier (Newport
Spectra-Physics) and the white light continuum were used as a
pump (excitation)- and probe-beam in the pump−probe
experimental setup (Helios; see SI for details).
The optical density of all PbS QDs colloidal solutions in a 2

mm path length cuvette was adjusted to approximately 0.1 at
the 1Sh−1Se transition peak. The solution was constantly
stirred using a magnetic stirrer to have a fresh sample for each
laser shot to avoid photocharging of the QDs, which leads to a
solid deposition on the walls of the spectroscopic quartz cells.65

To check for possible nonlinear effects induced by multiphoton
absorption, the time-resolved experiments were performed at
low pump fluence. In this regard, to explore MEG resulting
only from single-photon absorption, we maintained the average
number of photons (Nph) absorbed per QD per pump pulse at
the entrance face of our TA setup to be less than 0.2, ensuring
that the photoexcited QDs are due to single-photon
absorption.26 We found that the UV−vis absorption spectrum
of each sample measured before and after every pump−probe

Figure 8. QY of multiple-exciton generation at a pump−photon
energy of 3Eg as a function of the QD’s band gap, demonstrating that
the efficiency of the carrier-multiplication increases with decreasing
QD size.
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experiment did not show any degradation. All TA experiments
were carried out at room temperature.
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