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ABSTRACT: Zero-dimensional PbSe quantum dots are
heterogeneously nucleated and grown onto two-dimen-
sional zincblende CdSe nanoplatelets. Electron micros-
copy shows ad-grown dots predominantly decorate edges
and corners of the nanoplatelets. Spectroscopic character-
izations relate type I electronic alignment as demonstrated
via photoluminescence excitation spectroscopy enhance-
ment of near-infrared emission. Transient photolumines-
cence and absorption convey ultrafast transfer of excitons
to the lower energy semiconductor dots. These structures
combine benefits of large absorption cross sections of
nanoplatelets and efficient near-infrared emission of PbSe
with quantum confinement tuning of energy gap.

Heterostructured nanocrystals offer synthetically tunable
routes to control the nature of electronic excitations

beyond what is possible with size and shape alone in single
component materials.1 Type I semiconductor heterostructures
in particular, which localize the electron and hole to the same
component, are frequently employed to confine excitations for
enhanced photoluminescence2 (PL) which is a critical
property in applications such as bioimaging,3 single photon
sources,4 color conversion,5 light-emitting diodes,6 and
luminescent solar concentrators.7 Thus far, variation in
composition and heterostructure morphology have been
relatively limited for colloidal nanoplatelets (NPLs). As a
class of materials, NPLs are of interest due to precise synthetic
control allowing for no dispersion in thickness,8,9 nascent
control over lateral extent,10 large absorption cross sec-
tions,11,12 efficient and exceptionally narrow optical emission,9

polarized optical properties,13−15 and amplified spontaneous
emission and lasing with low thresholds and high gain.10,11,16

NPL heterostructures have primarily focused on adaptations
of core/shell structures, such as CdSe/ZnS, CdSe/CdS, CdS/
ZnS, deposited using standard high-temperature ad-growth
methods17 and more recent colloidal atomic layer deposi-
tion.18,19 Further synthetic work has been performed to change
the optical properties while retaining the original thickness,
such as via alloy tuning and core-crown morphologies of both
type I and type II electronic structure, but have tended to
remain, with rare exception,20 in the visible optical
window.21−24 In recent work, ad-growth of quasi-spherical

nanoparticles of different compositions onto NPLs has been
reported for metallic Au, Pt, and Pd on CdSe NPLs25,26 as well
as wide gap ZnSe semiconductor quantum dots (QDs).27

Here, we investigate ad-growth of a smaller band gap
semiconductor nanomaterial, PbSe, which offers type I
heterostructuring that should yield funneling of excitations
from the large absorption cross-section NPL into the QDs.
Conditions are developed that yield PbSe QDs grown on CdSe
NPLs using a seeded-growth hot-injection method.28,29 PbSe,
in particular, is chosen for ad-growth because the lattice
parameters of the cubic CdSe and PbSe phases are closely
matched and this composition is well-known to afford high
emission quantum yield PbSe/CdSe core/shell heterostruc-
tures.30,31 On the other hand, cation exchange of these
compositions has also been reported at elevated temper-
aturesthis is the most common method for synthesis of
core/shellsbut exchange of cadmium by lead requires excess
lead, elevated temperature (>130 °C), and prolonged exposure
times (e.g., 1 h).32

Ad-growth of PbSe QDs onto CdSe NPLs coarsely followed
earlier hot injection protocols that target PbSe QD
products,33,34 but with important modifications to prevent
both homogeneous nucleation via reduction of achieved
supersaturation as well as Pb for Cd cation exchange reactions.
CdSe NPL substrates were first synthesized following literature
procedures.2 Changes made to suppress homogeneous
nucleation include smaller precursor amounts of lead (100
μmol versus 2 mmol) and selenium (0.1 M versus 1 M),
reduction of injection temperatures from 170 to 180 to 130
°C, utilization of higher purity phosphine precursor solution
(97% TOP versus 90%) that contains fewer dialkylphosphine
impurities,35 and short reactions times (3 min). This
combination of conditions helps to both push kinetics in
favor of heterogeneous nucleation and suppress cation
exchange as noted below. For example, reactions performed
under typical conditions for PbSe QD synthesis yielded a
reaction product dominated by PbSe QDs rather than
heterostructures (Figure S1). Additionally, because some
homogeneous nucleation is still observed under these more
favorable reaction conditions, the desired materials were
isolated via size selective precipitation36 by adding minimal
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amounts of isopropanol antisolvent and centrifuging for 30
min at 8000 r.p.m.. This procedure separated the desired PbSe
dot-on-plate heterostructures from homogeneously nucleated
PbSe QDs.
The resulting heterostructures present a dot-on-plate

morphology similar in form to related reports25−27 which is
apparent in transmission electron microscopy (TEM) images.
Figure 1a,b shows PbSe/CdSe dot-on-plate heterostructures
formed with 5 ML CdSe NPLs and Figure 1c shows similar
structures formed with 4 ML CdSe NPLs. High-angle annular
dark-field scanning transmission electron microscopy
(HAADF-STEM) measurements of PbSe/5 ML CdSe NPL
heterostructures in Figure 1d−f shows the bright PbSe dots,
which scatter substantially more electrons to the high-angle
annular detector, distinct from the CdSe NPLs. A single PbSe/
5 ML CdSe NPL heterostructure is shown in the HAADF-
STEM image in Figure 1g followed by elemental maps of
cadmium, lead, and selenium collected by energy dispersive X-
ray (EDX) spectroscopy in Figure 1h−j. The merged image in
Figure 1k confirms the preserved composition of the CdSe
NPL and the ad-growth of PbSe dots decorating the NPL
corners (see also Figure S2 for elemental mapping). X-ray

diffraction data (Figure S3) is also consistent with the addition
of crystalline PbSe QDs to the NPLs.
The preponderance of PbSe QDs nucleate as spherical

shapes on the corners and edges of the NPLs, although some
do appear to nucleate on the flat NPL planes. This is largely
consistent with the understanding concerning NPL growth, in
which high energy penalties are associated with homoepitaxy
on the flat surfaces, leading to two-dimensional growth.37,38 An
additional measure of control in this synthesis is provided by
tuning the concentration of NPLs in the PbSe growth medium:
at lower NPL concentrations, the number of PbSe nuclei per
NPL increases, with more decoration of the edge of the NPL
after corner sites are saturated. An example is shown in Figure
1l, which shows the progression of reaction products for a
series of reactions conducted with decreasing NPL concen-
trations. Still, in all experiments, it is noteworthy that
decoration of CdSe NPLs by PbSe remained nonconformal
in an apparent regime of Volmer−Weber type islands. Given
the excellent lattice match of the two crystals and the existence
of core/shell heterostructures of this composition, the limited
wetting of PbSe on CdSe is somewhat surprising and may be
related to particular challenges of epitaxy on the atomically flat

Figure 1. Bright-field TEM micrographs of PbSe/CdSe dot-on-plate heterostructures synthesized with (a, b) 5 ML CdSe NPL seeds and (c) 4 ML
NPL seeds. (d−f) HAADF-STEM micrographs of a PbSe/CdSe dot-on-plate heterostructure. (g) Annular dark field image of PbSe/CdSe dot-on-
plate heterostructure with corresponding EDX maps of (h) cadmium, (i) lead, and (j) selenium. (k) Merged image of ADF, cadmium, and lead
maps. (l) Series of reaction products with decreasing NPL injection concentration, showing increasing PbSe QD decoration.
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NPLs, which are not present in spherical structures, or effects
of ligand crowding following PbSe nucleation.
Spectroscopic measurements are consistent with the findings

of the presented structural observations. UV−vis and FTIR
measurements (Figure 2a) further show excitonic absorption
features that resemble those of isolated CdSe NPLs (here an
excitonic absorption at 550 nm for 5 ML NPLs) and PbSe
QDs, which display an excitonic absorption feature at 1050 nm
in this case. The preserved sharpness of the visible absorption
features of the NPLs is particularly noteworthy as prior reports
involving the synthesis of heterostructures frequently resulted
in substantial broadening of absorption resonances,18,27

suggesting that the heterostructures formed here do not
experience a substantial change in the strain or electron−
phonon coupling of the NPL. Furthermore, retention of CdSe
NPL features supports that negligible Pb for Cd cation
exchange occurs. Matching the NIR absorption resonance of
the PbSe component is the emission from the sample, centered
at 1150 nm, representing a large quasi-Stokes shift from the
dominant NPL absorption. A substantial advantage of this type
of heterostructure is the large increase in the absorption
oscillator strength in the visible.
Direct comparison with PbSe QDs of comparable size to

those decorating the NPLs suggests that the PbSe/CdSe dot-
on-plate structures have a minimum of five times stronger
absorption strength at visible wavelengths shorter than the
absorption resonances of the 5 ML NPLs used as seeds (Figure
S4). This underlines the strong enhancement of absorption
conferred by the CdSe NPL.
Several measurements were performed to evaluate electronic

interaction between the two components of the hetero-

structure. As shown in Figure 2b, photoluminescence
excitation spectra (PLE) detecting NIR emission for a typical
PbSe/CdSe dot-on-plate sample shows the characteristic
absorption resonances of the CdSe NPLs in the PLE of the
PbSe QDs. Time-resolved measurements confirm that this is
not arising from efficient reabsorption of NPL emission and
instead comes from the rapid transfer of excitations in the NPL
to the PbSe QDs in a type I structure. With visible excitation of
the heterostructures, visible emission from the heterostructures
at the CdSe band-edge is ∼0.1% of the intensity for similar
optical density unaltered NPLs (Figure S5). Whereas the room
temperature lifetime of isolated NPLs is typically in the
nanosecond range,9 the decay of NPL PL from dot-on-plate
heterostructures apparent in time-resolved measurements
shown in Figure 2c is rapid (∼5 ps in these measurements).
This rapid quenching of photoemission is a strong indication
of electron and/or hole transfer to the PbSe.39 Because the
visible PL counts in Figure 2c decrease to approximately 0,
nearly every NPL in the heterostructure ensemble likely has a
QD attached to it. Further, NIR transient absorption
measurements in Figure 2d and Figure S6a indicate a 620 fs
relaxation time into the excitonic state of the PbSe of dot-on-
plate heterostructures, which is measurably slower than
intraband cooling in pure PbSe QDs (190 fs, Figure S6b).
Static emission quantum yields also suggest that transfer of

excitations is rapid: PbSe/CdSe heterostructures gave
estimated quantum yields of 16−17%, comparable to freshly
prepared IV−VI QDs, for both 450 and 808 nm excitation.
Whereas emission from the CdSe NPL in the heterostructure
is quenched rapidly, emission from the PbSe QDs decorating
the NPLs shows approximately normal dynamics for small

Figure 2. (a) Absorption (solid black line) and photoluminescence (red line) of typical PbSe/CdSe dot-on-plate heterostructures. The solid blue
line shows the absorption spectrum of the 5 ML CdSe NPL seeds. (b) Photoluminescence excitation (PLE) map of the emission in the NIR for
visible excitation wavelengths of a PbSe/CdSe dot-on-plate heterostructure emitting at 1450 nm. Inset shows the integrated counts in the visible
with the features of the 5 ML NPL absorption apparent in the excitation spectrum. (c) Visible time-resolved photoluminescence of a PbSe/CdSe
dot-on-plate heterostructure at early time, shown in red dots, compared to the time-resolved photoluminescence of the 5 ML CdSe NPL seed,
shown in black circles. A solid fit line represents an exponential decay fit of the dot-on-plate PL data with a lifetime of 4.9 ps. (d) Transient
absorption spectra of the a PbSe/CdSe dot-on-plate heterostructure showing early time dynamics. (e) Time-resolved photoluminescence of the
PbSe/CdSe dot-on-plate heterostructure collected to longer delay times, compared with time-resolved photoluminescence of a PbSe QD sample of
comparable band gap. (f) Schematic of the type 1 heterostructure model developed from the experimental data.

Journal of the American Chemical Society Communication

DOI: 10.1021/jacs.8b13794
J. Am. Chem. Soc. 2019, 141, 5092−5096

5094

http://pubs.acs.org/doi/suppl/10.1021/jacs.8b13794/suppl_file/ja8b13794_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b13794/suppl_file/ja8b13794_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b13794/suppl_file/ja8b13794_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b13794/suppl_file/ja8b13794_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.8b13794/suppl_file/ja8b13794_si_001.pdf
http://dx.doi.org/10.1021/jacs.8b13794


PbSe QDs (Figure 2e), albeit with some trapping. The
measured emission lifetime is 497 ± 8 ns versus 1200 ns for
isolated PbSe QDs with a similar excitonic absorption energy.
The combined static and time-resolved PL data indicate that
the PbSe/CdSe dot-on-plate heterostructures have a type I
electronic structure, shown in the scheme in Figure 2f: the
exciton created in the decorated NPLs transfers rapidly to a
QD, which subsequently displays band-edge PL.
In conclusion, this work reports the seeded-growth synthesis

of PbSe/CdSe dot-on-plate heterostructures with near IR
emission. These materials show fast and efficient funneling of
excitations from the CdSe NPL to the PbSe QDs characteristic
of a type I heterostructure. Such dot-on-plate heterostructures
facilitate large effective Stokes shifts, boost the effective
absorption cross section of the IR-emitting QD, lower the
local symmetry of the PbSe particles, and display IR emission
comparable to other available semiconductor QDs.
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