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ABSTRACT: Upconversion is a nonlinear process in which two, or more, long
wavelength photons are converted to a shorter wavelength photon. It holds great
promise for bioimaging, enabling spatially resolved imaging in a scattering specimen
and for photovoltaic devices as a means to surpass the Shockley−Queisser efficiency
limit. Here, we present dual near-infrared and visible emitting PbSe/CdSe/CdS
nanocrystals able to upconvert a broad range of NIR wavelengths to visible emission at
room temperature. The synthesis is a three-step process, which enables versatility and
tunability of both the visible emission color and the NIR absorption edge. Using this
method, one can achieve a range of desired upconverted emission peak positions with a suitable NIR band gap.
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Semiconductor nanocrystals (NCs) exhibit unique proper-
ties that differ from their bulk analogs due to quantum
confinement effects. Studies involving these systems have

recently advanced greatly in synthetic capabilities, enabling the
fabrication of complex heterostructures composed of several
materials. Such advances have led in recent years to the ability
to fabricate nanoscale colloidal quantum dot−quantum well
(QD-QW) systems. By tailoring the band alignment in a
nanoparticle formed from concentric shells of varying materials,
it is possible to obtain particles with two spatial regions that can
confine carriers, both in the core and in an external shell.
Formation of such coupled quantum dot−quantum well within
a single colloidal nanoparticle has been demonstrated,1 as well
as architectures that enable control over the degree of
coupling.2 The latter results in heterostructures that exhibit
two distinct spectral emission bands. The possibility to tune the
optical and electronic coupling of the QD and the QW
components arises from the ability to alter the barrier layer
between the two quantum systems via control of both the
spatial dimension and the relative band alignment.3−6 Dual
color emission originating from multiexciton emission was
demonstrated in giant core−shell quantum dots (QDs),7,8 and
in core−shell tetrapods,9−11 through suppression of auger
recombination promoting emission of multiple photons having
different wavelengths. Another approach for fabrication of dual-
emitting semiconducting double quantum dots utilized tip
growth in seeded nanorods.12 Such systems have been shown
to exhibit antibunching of the two emission colors as well as
charge transfer between the two dots. One outcome of the
ability to transfer charges from one dot to the other in such a
structure is the achievement of incoherent luminescence

upconversion (UC) in such a system.13 UC is a nonlinear
process in which two, or more, long wavelength (low energy)
photons are converted to a shorter wavelength (high energy)
photon.14,15 This process is based on sequential absorption of
two or more photons, involving metastable, long-lived
intermediate energy states. It is markedly different from sum
frequency generation (SFG) that is restricted to upconversion
of coherent laser radiation as a coherent process. This
sequential absorption leads to a population of highly excited
states from which UC emission can occur. Hence, requirements
for UC processes are long-lived excited states, a ladder-like
arrangement of energy levels and a mechanism inhibiting
cooling of the hot charge carrier.16 The ability to upconvert low
energy photons into a higher energy photon holds a significant
promise and importance for many applications in different
fields, such as imaging and photovoltaics. In imaging, UC
enables spatially resolved imaging in a scattering specimen with
almost no autofluorescence and high signal-to-noise ratio. This
is analogous to two-photon excitation fluorescence but can be
achieved at much lower excitation fluence, dramatically
reducing photo damage by the excitation beam.17 For
photovoltaic devices, UC could be used to surpass the well-
known Shockley−Queisser efficiency limit.18 UC enables
harvesting of photons with energies below the band gap by
converting multiple photons to one photon that fits the
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junction’s bang gap. The inability to utilize these low energy
photons in photovoltaic devices is a main loss mechanism.
However, efficient UC at room temperature is generally very

difficult to achieve at low illumination intensities. The most
common UC system implemented today is realized in solid
materials (hosts) doped with ions of d and f elements
(transition metals and rare earths), which possess a variety of
metastable states.19 Despite recent progress, such as using
dopant blends,20 and hybrid organic−inorganic systems,21 these
systems still suffer from low color tunability and relatively low
absorption cross sections. Another method, which has achieved
very high UC efficiency is triplet−triplet annihilation
(TTA),22−25 where two molecules excited to a long-lived
triplet state, each by intersystem crossing from a singlet excited
state, transfer their excitation energy to a higher energy singlet
emitting state of a third molecule. However, as it relies on
organic absorbers, this system suffers from a limited availability
of near-infrared fluorophores, photobleaching, and restrictions
forced by diffusion limits.
To quantify the efficiency of the UC process, we follow the

definitions of ref 26, where the UC quantum yield is defined as
the number of high energy photons emitted divided by the
number of lower energy photons absorbed. Thus, the maximal
UC efficiency obtainable is 50%, as it requires photon pairs.
Because UC is a nonlinear process, the UC efficiency depends
on the details of the excitation process, and particularly the
excitation power density. The dependence of the UC efficiency
on the excitation power density is quadratic at low powers and
saturates at high excitation powers. It is thus reasonable to
quote values for the UC efficiency at the rolloff point, where the
quadratic power dependence is no longer obeyed. For
upconversion QDs,13 this occurs approximately when an
average of one exciton per dot is excited in the ensemble.
Bulk rare-earth-based UC materials have reached efficiencies of
up to about 5%,26 whereas TTA in solution has been shown to
achieve higher efficiencies, up to a few tens of percent. Both
rare-earth-based systems and TTA based ones have already
been used in nanocrystalline form. Yet, UC nanocrystals
typically achieve much lower efficiency, of the order of 1%.
Semiconducting NCs hold a great promise for UC, benefiting

from high tunability, easily achieved by the quantum confine-
ment effect, combined with high stability and low photo-

bleaching. Deutsch et al.13 presented a system of upconverting
NCs, which incorporates two quantum dots with different
bandgaps separated by a tunneling barrier. This system was able
to upconvert 680 nm into 570 nm light. It was shown that these
NCs can operate at room temperature, with the dominant
mechanism proven to be sequential interband and intraband
absorption events.
In this work heterostructure NCs that are able to upconvert

near-infrared (NIR) light at wavelengths up to about 1.2 μm to
visible light, implying a relatively small energy loss (2EIR − EVis)
during the process, are presented. Realizing a system that will
be able to upconvert NIR photons to higher energy visible
photons using NCs requires not only coupling of a NIR
absorber to a visible light emitter but also a proper band
alignment between the two, such that hot excitons resulting
from the absorption of two NIR photons will be efficiently
harvested. For this end, a double well band alignment is
required for one charge carrier (electrons or holes), where the
barrier has to be sufficiently thick to prevent tunneling from the
higher energy well to the lower energy one. In contrast, the
other type of the charge carriers should be delocalized across
the particle through its degenerate band. This type of structure
is schematically depicted in Figure 1.

RESULTS AND DISCUSSION

To experimentally realize this system in a tunable and versatile
manner, we chose the PbSe/CdSe(ZB)/CdSe(WZ) core/shell/
shell system. Recently, it was shown that small PbSe cores with
a thick CdSe shell exhibit double emission as a result of slow
cooling of holes from the CdSe shell to the PbSe core.27,28 The
existence of double emission hints that these particles exhibit a
double well potential needed for UC. Indeed, a recent study on
giant PbS/CdS core−shell QDs indicated that the large volume
shell of the CdS is composed partly of zinc blende (ZB) CdS
and partly of Wurzite (WZ) CdS.29 In these particles the WZ
phase grew over the ZB with a crystallographic orientation
leading to highly asymmetric tetrahedral QDs. Keeping in mind
that ZB and WZ have a band offset30,31 that may result in the
formation of an energetic barrier in the valence band between
the PbS and the CdS wells, it is suggested that the visible
emission originates from the WZ outer shell. It is therefore

Figure 1. PbSe/CdSe/CdS synthesis and band alignment. (a) Three step synthesis scheme: core growth, cation exchange, and SILAR. (b)
Schematic band alignment of PbSe/CdSe/CdS. (c)−(e) TEM images of S1 sample after each synthesis step depicted in (a) correspondingly.
The scale bar represents 5 nm for images c and d and 10 nm for image e.
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likely that a similar mechanism is at play also for PbSe/CdSe
heterostructures.
Although the band gap of the NIR-absorbing PbSe core can

be easily tuned by its size, its quasi type II band alignment with
CdSe makes it suitable for upconversion via hot hole injection
to CdSe. As can be seen in the band alignment scheme in
Figure 1b, PbSe and CdSe have a relatively flat conduction
band (CB), enabling the electron to delocalize throughout the
NCs. However, because PbSe is a low band gap material, the
valence band (VB) is relatively deep, creating a spatially
separate two-well potential VB. As depicted in Figure 1b, hot
holes can reach the wurtzite CdSe VB, where they can
recombine with electrons creating higher energy photons. In
the following we thus test the ability of such particles to act as
UC nanocrystals for the NIR spectral range.
For this purpose, relatively large, 7.6 nm diameter, PbSe core

QDs were synthesized. Partial cation exchange from PbSe to
CdSe was used to blue shift the PbSe NIR PL to around 1230
nm while creating the PbSe/CdSe interface needed for
upconversion. A CdS shell was added on top of the CdSe
shell for surface passivation by using successive ion absorption
and reaction (SILAR).32 The addition of this layer ensures
stability and increases the quantum efficiency of the CdSe
emission. This system will hereafter be denoted as “S1”. The
different stages of the PbSe/CdSe/CdS synthesis are depicted
in Figure 1, with TEM images corresponding to each of the
steps. As can be seen in Figure 1d, the PbSe QDs maintain their
original size and shape after cation change, shifting the NIR
fluorescence to about 1230 nm gradually (Figure 2). After
completing only one atomic layer of CdS shell, a strong visible
second florescence peak around 700 nm is observed, while the
NIR emission spectrum remains relatively unchanged (see
Figure 2a for the NIR and visible fluorescence spectra). More
detailed synthesis procedures are described in the Supporting
Information. After SILAR the NCs receive a slight pyramidal
shape.
Detailed characterization and optical studies of the

upconversion process were made on sample S1. Transient
visible emission spectra were taken in each measurement
around the fluorescence peak at 700 nm for a series of
increasing excitation power densities to extract the power
dependence of the upconverted emission. Details of the optical
setup used in these measurements appear in the Supporting

Information. Taking a power series was necessary to distinguish
between the nonlinear upconversion process, which requires
two photon excitation and possible alternative mechanisms. In
the case of excitation above the band gap of CdSe, which is
energetic enough to directly excite the CdSe (WZ) with only
one photon, the power dependence should be linear. Thus, 480
nm excitation was used here as reference for linear excitation.
For a NIR excitation the power dependence should be
quadratic, as it is absorbed only by the PbSe core and requires
two-photon UC to reach the CdSe (WZ) well.
As an example of one such measurement, the properties of

upconverted luminescence using a 52 mJ/cm2 850 nm
excitation are shown in Figure 2. Figure 2b presents the
emission transient observed at the upconverted emission peak
maximum (700 nm). The emission lifetime τ was assessed
using a biexponenetial fit A1·e

−(t/τ2) + A2·e
−(t/τ1) + c convolved

with the instrument response function (where A is the
exponent amplitude and c is an offset). A characteristic lifetime
of 6.3 ± 0.2 ns decay was found for these particles, similar to
that observed using visible excitation at 480 nm. Notably, the
observed emission lifetime was independent of the NIR
excitation wavelength (Figure SS4). As can be seen in Figure
2a, the upconverted emission spectrum using excitation at 850
nm agrees well with the emission spectrum as measured using
linear excitation with a 405 nm LED, depicted in magenta and
blue correspondingly. These findings clearly indicate that
upconverted hot excitons, which reach the CdSe (WZ) have
similar photophysics as excitons directly generated in the CdSe
(WZ) by excitation in the visible (480 nm). This agreement
reassures that indeed the UC signal originates from hot charge
injection from the PbSe core to the CdSe shell, and that a CdSe
(ZB) barrier exists.
A second important feature of the upconversion process is

depicted in Figure 3 which shows the power dependence
(Pex(w2ph)) of fluorescence at the spectrum peak at 700 nm, for
a variety of NIR excitation wavelengths (w2ph): 850, 900, 950,
1050, and 1100 nm. As expected for a 2-photon process, each
of the different power dependent excitations graphs fits a
quadratic power law a(w2ph)·Pex(w2ph)

2, which is depicted by
the dashed lines.
The amplitude for the quadratic dependence prefactor

(a(w2ph)) for each excitation wavelength w2ph can be plotted
vs the corresponding absorbance of the NCs at this wavelength

Figure 2. S1 PbSe/CdSe/CdS optical characteristics. (a) Linear emission spectrum, using a 405 nm LED excitation, the visible emission and
the NIR emission of sample S1 are depicted in blue and cyan correspondingly (The calibrated photon emission spectra show a ratio of 1.7
between the total number of NIR and visible photons). In pink is the UC spectrum, corresponding to the integrated transient limits shown in
(b). The absorption spectrum is depicted in maroon and is vertically shifted for clarity. A zoom-in on the NIR absorption is provided in the
Supporting Information. (b) Typical UC transient curve of the visible emission peak at 700 nm, using 850 nm excitation at 52 mJ/cm2, is
depicted in blue. The integrated area for UC spectrum counts calculation for each wavelength is depicted in red. The transient response is well
fitted by a biexponential decay having an average lifetime of 6.3 ± 0.2 ns when convolved with the 8 ns instrument response function (dashed
green) The PbSe NIR emission lifetime, depicted in the inset, is well fitted by a single exponential of 2.1 ± 0.1 μs.
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(OD(w2ph)). This should show the dependence of the
upconversion process on the particles’ absorption cross section.
We plot this in the inset of Figure 3, where each point in the
plot corresponds to the 2ph excitation amplitude and
absorption, for wavelengths (w2ph) 850−1100 nm from right
to left. Fitting this using power distribution a(w2ph) = A·
OD(w2ph)

b reveals a power dependence (b) of 1.8 ± 0.96.
UC in such NCs can originate from two possible

mechanisms. The first is sequential interband absorption,
leading to a biexciton, followed by Auger recombination
generating a hot hole33 (Figure 4a). The second is interband
absorption followed by intraband absorption of the hole
(Figure 4b). Because the Auger recombination mediated

process requires the creation of two excitons via interband
absorption, a quadratic dependence on the linear absorption
cross section is expected below saturation. In contrast, for the
process depicted in Figure 4b the dependence on the
absorption cross section is possibly weaker. This is due to the
fact that the second intraband absorption cross section may
have a weaker dependence on the excitation wavelength, due to
the high density of states of the intraband final transition. This
can thus result in a lower than quadratic power dependence on
the absorption cross section. From our measurements, the
deviation from quadratic dependence is not sufficiently
significant to preclude either mechanism. In fact, it is likely
that both processes contribute to UC in these particles.
Two important figures of merit of UC in NCs systems are

the efficiency and the saturation intensity of the process. The
saturation energy is an important parameter to consider, as
pumping the system above this energy becomes less and less
effective until high saturation where it will not contribute to an
increase in fluorescence. In the case of these UC nanoparticles,
saturation results in a linear power dependence rather than a
quadratic one. To further extract the parameters of the system
as an upconversion medium, saturation curves were made using
a linear excitation at 480 nm and a 2ph UC excitation at 1064
nm. As can be seen in Figure 5a, and as expected for a 480 nm
excitation that can excite directly the CdSe (WZ), this
excitation results in a linear saturation. The excitation
probability in QDs, using an excitation above the band gap,
can be roughly modeled using a Poissonian distribution: (n) =
(λn/n!)e−λ. This distribution reflects the probability to excite n
number of excitons using a distribution parameter λ = (I/Isat),
where Isat is the saturation energy for these particular NCs. In
the case of linear saturation, the probability to excite the QD at
least once is given by P (n ≥ 1) = 1 − P(0) = (1 − e−(I/Isat)).
Here, Isat is the excitation value in which the emission is 1 − (1/
e) ≅ 0.6 of its maximal value. This results in a saturation
intensity of Isat = 1.8 ± 0.7 mJ/cm2. In contrast, as depicted in
Figure 5b, the saturation curve for the UC process using a 1064
nm excitation does not show linear saturation, and indeed, it
required the consideration of a 2ph process. To fit the UC
saturation, the probability to absorb multiple photons for the
UC process has to be accounted for. This is done by using the
simplified Poissonian distribution for the probability to absorb
photon pairs, resulting with

λ λ λ λ λ=
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where ϵUC < 1 is the probably to heat up a hole and for it to be
caught by the visible well before cooling down; i.e., ϵUC is the
UC efficiency. For a more detailed model see the Supporting
Information. This model gives a saturation energy of 356 ± 5
mJ/cm2 for UC.
To assess the UC efficiency, a comparison can be made

between the number fluorescence counts at saturation intensity
per absorbed photon using either linear or two-photon
excitation [(FLUCsat

/(Isat1064·OD1064))/(FLLinsa t
/(Isat480 ·

OD480))]. As both the UC and the linear fluorescence counts
were measured at the same concentration, this ratio is the
probability to excite the CdSe (WZ) well, i.e., the efficiency of
the UC process (ϵUC). This gives a 0.075 ratio, which means
that every 7 NIR photon pairs absorbed are equivalent to one

Figure 3. S1 PbSe/CdSe/CdS power dependent UC fluorescence
counts of the visible emission peak at 700 nm, for a variety of NIR
excitations at 850, 900, 950, 1050, and 1100 nm (depicted in blue,
red, green, cyan, and magenta correspondingly). Each of the
different power dependent excitations was fitted by a quadratic
power law a(w2ph)·Pex(w2ph)

2, which is depicted by the dashed gray
lines. The inset shows the amplitude of the quadratic dependence
prefactor (a(w2ph)) for each excitation w2ph vs the corresponding
absorption of the NCs in this wavelength (OD(w2ph)). Fitting this
using power distribution a(w2ph) = A·OD(w2ph)

b reveals a power
dependence (b) of 1.8 ± 0.96, depicted by the dashed gray line.
The graphs are depicted on a log−log scale.

Figure 4. Two possible mechanisms that contribute to UC in PbSe/
CdSe/CdS QDs. After the formation of an exciton via interband
absorption, which is illustrated in the bottom left corner, a hot hole
can be formed using the energy of a second photon. This can occur
in two ways: (a) an Auger recombination mediated process, which
requires the creation of two excitons, using a second photon via
interband absorption, (b) an intraband absorption process. Both
processes result in a hot hole which can transfer to the CdSe (WZ)
well and relax by emitting a visible photon (bottom right corner).
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absorbed visible photon. Notably, this ratio improves by nearly
a factor of 2 at excitation intensities well above Isat, because
under these conditions the system is further excited multiple
times following the creation of an exciton (for more details see
the supplementary Figure S7). To assess the absolute quantum
yield of the upconversion emission as defined above,26 it is
necessary to estimate the visible emission QY, that is, the
probability of emission of a visible photon following excitation
at 480 nm. For this end, we compare the UC QDs with a
reference sample of tellurium doped CdSe/CdS nanorods that
emit around 700 nm with 67% QY. Both samples were adjusted
to the same OD. at 480 nm and excited at Isat. By integrating
the fluorescence emission spectra, we estimated the QY of S1
to be 5%. Thus, the overall UC efficiency of our system can be
estimated as QYCdSe(WZ)·ϵUC ∼ 5%·0.075 − 0.4% at Isat, and up
to about 0.7% well above saturation (i.e., for every 150−250
photons absorbed we have one upconverted photon). This
efficiency is within the range of efficiencies reported for other

types of UC nanoparticles, while exhibiting broadband
upconversion in a presently inaccessible spectral range.
The important attributes in using a NC UC system is the

ability to extract hot charges at the nanoscale, which can
compete with cooling and nonradiative decay processes.
Moreover, tunability and versatility can be achieved by
changing the original PbSe QD size and the CdSe shell
volume, by using these two parameters one can tweak both the
visible emission wavelength and the NIR absorption edge. To
show this system’s versatility and tunability, a second PbSe/
CdSe/CdS NCs sample (“S2”) was synthesized by starting
form a slightly different core size (diameter 7.4). The S2
sample, similarly to S1, exhibits a broad NIR emission around
1260 nm after cation exchange but a visible emission peak at
630 nm (Figure 6b). This result stresses the promise of this
system that can easily be tuned, by controlling the initial PbSe
core diameter and the CdSe shell volume. The latter is readily
achieved by controlling the extent of cation exchange, while

Figure 5. S1 PbSe/CdSe/CdS linear and 2ph UC saturations are depicted in (a) and (b), with a 480 and 1064 nm excitations correspondingly.
The 2ph UC saturation is depicted on a log scale. The dashed gray line in (a) depicts the linear saturation fit, and the solid line in (b) depicts
the 2-photon saturation fit. The linear fluorescence Poissonian fit model results in a saturation intensity of Isat = 1.8 ± 0.7 mJ/cm2, which is
illustrated in a dashed red line in (a). The UC simplified Poissonian distribution gives a saturation energy of 356 ± 5 mJ/cm2 which is
illustrated in a dashed red line in (b).

Figure 6. S2 PbSe/CdSe/CdS spectrum and power dependence. (a) S2 PbSe/CdSe/CdS power dependent UC fluorescence counts of the
visible emission peak at 630 nm, for a 850 nm excitation, is depicted in green. The power dependent fit is depicted in dashed gray. (b) Linear
emission spectrum, using a 405 LED excitation, for the visible emission and the NIR emission of sample S2 is depicted in purple and light blue
correspondingly. In red, is the typical UC spectrum, corresponding to the integrated transient limits showed in SS5, using a 850 nm excitation
at 46 mJ/cm2. The absorption spectrum is depicted in turquoise and is vertically shifted for clarity. (c)−(e) TEM images of S2 sample after
each synthesis step: PbSe core growth, cation exchange, and SILAR growth of CdS. The scale bar represents 10 nm.
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easily changing the NIR and visible emission peak positions. As
depicted in Figure 6a, the fluorescence emission peak at 630
nm shows a quadratic power dependence characteristic of a 2-
photon UC process and a fast decay lifetime of 10 ns (Figure
SS5, Supporting Information), meaning that a successful UC
can be achieved from the NIR to 630 nm. As can be seen in
Figure 6b, the visible emission at 630 nm is broadened by
another smaller emission peak at 700 nm, likely caused by the
presence of two sizes within the sample. This is probably the
result of etching and Oswald ripening in the final stage of the
synthesis. However, as can be seen in Figure 6b, the
upconverted emission spectrum, using 46 mJ/cm2 850 nm
excitation, fits the linear excitation using a 405 nm LED.
Moreover, having the second peak does not disrupt the optical
measurements, as the emission was spectrally filtered using a
monochromator. In doing so, the photophysics of both peaks
could be checked separately and were found to be relatively
similar, both exhibiting nonlinear 2-photon attributes.

CONCLUSIONS

In conclusion, the synthesis of double emitting QDs which
exhibit NIR UC capabilities at room temperature was
demonstrated. At saturation, 7 near-infrared photon pairs are
equivalent to the absorption of a single visible photon, and a
total UC efficiency of 0.4% (up to 0.7% well above saturation)
was achieved, comparable to alternative nanocrystalline
systems. The synthesis is a three-step process, which enables
versatility and tunability of both the visible emission color and
the NIR absorption edge, by tweaking the shell volume
exchanged and the original core size of PbSe. Using this
method, one can achieve a range of desired upconverted
emission peak positions with a suitable NIR band gap. This
promising attribute of broadband NIR response and band edge
tunability is lacking in other methods for UC, such as use of
lanthanide-based materials, and triplet triplet annihilation, both
of which are restricted due to the limited selection of available
lanthanides and molecules. Hence, these NCs can be attractive
and promising for use in solar cells that will be able to
upconvert the solar NIR spectrum to fit the junction band gap
in solid state systems. In particular, for silicon photovoltaic
devices, these NCs could be used to surpass the known
Shockley−Queisser efficiency limit, by converting NIR photons
to fit the silicon 1.1 eV band gap. Moreover, such NCs could be
used to convert mid-IR photons to photons in the region
detectable by InGaAs detectors (up to 1.7 μm) due to the
broad tunability of lead chalcogenide nanocrystals.
Color tunability should be most beneficial for biological

imaging, having the ability to synthesize a wide range of PbSe/
CdSe/CdS samples, tweaking and choosing the suitable desired
excitation wavelength and emission. These NC’s could act as
labeling dyes for the system requirements maintaining high
SNR and low tissue scattering.
Moreover, the application of this system can be extended to

different lead chalcogenide core/shell nanocrystals or alloys,
providing additional knobs for controlling their optical
properties. A more detailed study of the effects of the CdSe
and CdS shell thickness on the upconverted emission quantum
yield is likely to enable fabrication of even more efficient UC
nanocrystals.

METHODS
Synthesis. All syntheses were performed under Ar flow using

standard Schlenk techniques. PbSe synthesis and cation exchange were
performed according to previous reports with slight modifications.28,34

PbSe QDs Synthesis. A 0.892 g sample of PbO was dissolved in 4
mL of OA and 16 mL of ODE by degassing it for 2 h in 120 °C,
followed by drying under Ar flow for half an hour. Four milliliters of 2
M TOP-Se was injected at 180 °C while maintaining a growth
temperature of 160−170 °C for 1−8 min, depending on the desired
size. The reaction was stopped by removing the heating mantle and
cooling with a water bath. The PbSe QDs were purified twice in the
glovebox, using ethanol as a polar solvent for precipitation.

PbSe/CdSe QD Synthesis. Clean PbSe QDs in toluene were added
to a cadmium oleate (Cd-OA) 0.5 M solution, and the mixture was
degassed for 30 min in 40 °C to remove the toluene. The cation
exchange reaction was performed under Ar flow at 130 °C. The cation
exchange reaction time depended on PbSe size and desired CdSe shell
thickness. The NCs were purified twice using ethanol for precipitation
and redispersed in toluene.

PbSe/CdSe/CdS Synthesis. A CdS shell was grown layer by layer
using successive ion adsorption and reaction (SILAR method).32

Detailed synthesis procedures are described in the Supporting
Information.

TEM and Optical Characterization. UV−vis absorption spectra
were measured using a UV−vis−NIR spectrometer (V-670, JASCO).
Fluorescence spectra were measured using a custom-made orthogonal
collection setup. The excitation was with a fiber coupled 405 nm LED
Light Source (prizmatrix), collecting the fluorescence through a fiber,
to measure the fluorescence spectrum using either a USB4000 Ocean
Optics spectrometer for visible florescence spectrum or a NIR-
quest512 spectrometer for NIR fluorescence. TEM images were
recorded at 120 kV, using a CM-120, Philips instruments.

Optical Setup. A diluted solution of PbSe/CdSe/CdS NCs
dispersed in hexane was placed in 1 × 1 cm2 quartz cuvette. The
sample was excited by 5 ns pulses at 10 Hz, from an optical parametric
oscillator (Ekspla NT342/C/3/UVE), or the residual laser pump at
1064 nm. The laser excitation was focused by 1 m lens, and the
fluorescence was collected in the orthogonal direction using a 20× 0.4
NA objective, spectrally filtered using a dielectric filter and a
monochromator (Acton SpectraPro2150i), and measured by a
photomultiplier (Hamamatsu R10699). The photomultiplier transient
output was measured by a 600 MHz digital oscilloscope (LeCroy
Wavesurfer 62Xs). Pulse energy was measured by a pyroelectric sensor
(PE9-C, Ophir Optronics). Transient spectra were taken in each
measurement around the fluorescence peak for a series of excitation
powers and subtracted for dark noise. Spectra were calculated by
integrating the transient PMT measurements and corrected for the
PMT response and the dielectric filter transmission spectrum. The
NIR emission lifetime was measured using an InGaAs avalanche
photodiode (new focus 1647).
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