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ABSTRACT: Large area absorbers with localized defect emission are of interest for energy
concentration via the antenna effect. Transfer between 2D and 0D quantum-confined
structures is advantageous as it affords maximal lateral area antennas with continuously
tunable emission. We report the quantum efficiency of energy transfer in in situ grown HgTe
nanoplatelet (NPL)/quantum dot (QD) heterostructures to be near unity (>85%), while
energy transfer in separately synthesized and well separated solutions of HgTe NPLs to QDs
only reaches 47 ± 11% at considerably higher QD concentrations. Using Kinetic Monte
Carlo simulations, we estimate an exciton diffusion constant of 1−10 cm2/s in HgTe NPLs,
the same magnitude as that of 2D semiconductors. We also simulate in-solution energy
transfer between NPLs and QDs, recovering an R−4 dependence consistent with 2D-0D
near-field energy transfer even in randomly distributed NPL/QD mixtures. This highlights
the advantage of NPLs 2D morphology and the efficiency of NPL/QD heterostructures and
mixtures for energy harvesting.

Antennas collect diffuse excitation and concentrate it at a
localized receiver, allowing for a separation between

energy collection and localized transformation. Converting
diffuse and low intensity light into localized emitters limits
parasitic reabsorption and is crucial to waveguiding and solar
concentration applications. Such behavior has been leveraged
across material systems, including natural and artificial
photosynthetic systems, organic photovoltaics, self-assembled
light-harvesting nanotubes, and quantum dot heterostructures
typically involving the funneling of excitons from a large
collection area to a bright emitter or reaction center.1−6

One such class of materials that may be leveraged as an
optical antenna are semiconductor nanoplatelets (NPLs);
these are colloidal nanocrystals that have been primarily
studied for their optoelectronic properties afforded by their
unique two-dimensional morphology including large absorp-
tion cross sections, high quantum yields, directed emission,
and large exciton binding energies.7−10 NPLs are often
classified by number of monolayers (ML) where one ML is
one layer of MX where M = Cd, Hg and one of X = S, Se, and
Te and commonly range from 2 to 5 ML thick. Although their
thickness is only a few nanometers, their lateral extent can
range tens to hundreds of nm and have recently been
demonstrated to micron scale.11 For this reason, NPLs are
promising antennas due to their large lateral faces and high
absorption cross sections for exciton collection. In addition,
they offer the advantage of bandgap tuneability and broad
absorption across visible and near-infrared spectral re-
gions.7,12,13 However, they require the appropriate acceptor
in order to concentrate energy to a single point.

We focus our attention to our previously reported HgTe
NPL/quantum dot (QD) heterostructures where we observed
efficient energy transfer from NPL to QD derived f rom the
same material.14 Other reports in the literature have shown
energy transfer to QDs in dot-on-nanoplatelet heterostructures
such as CdSe/ZnS, PbSe/CdSe, CdSe/PbSe, and CdSe/Au
clusters.15−18 We believe that the high efficiency of our HgTe/
QD systems arises from the fact that the NPL antenna and QD
acceptor have identical compositions but differing confine-
ment. This arrangement works only because the HgTe NPL is
in a highly confined regime of only a few monolayers, while the
QD confinement is continuously tunable.
In our prior work, we hypothesized that our emissive

heterostructures relied on long-range exciton transport in the
NPL followed by near unity energy transfer to the QD. We
based this supposition by considering the average lateral
lengths of the NPLs (∼500 nm), the apparent high quantum
yield of the emissive heterostructures (>30% at the QD
bandgap accompanied by complete quenching of the NPL
emission), and the extremely low number density of QDs
contributing to the absorption cross-section. These results
qualitatively implied that excitons must be sampling a large
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area of the NPL before being quenched by transfer into “rare”
QD on the surface.
In this work, we conduct a more systematic set of

experiments and controls to understand 2D-0D energy
transfer. Briefly we:

1) Reproduce the highly efficient energy transfer for in situ
grown QDs, and quantify exciton quantum efficiencies,

2) Generate bounds for the number density of in situ
grown and separately synthesized/mixed QDs and
NPLs, and use this to inform a model of exciton
diffusion and transport,

3) Compare the energy transfer to an analogously
synthesized NPL QD mixture as a control experiment,

4) Determine/derive both exciton diffusion constant within
an NPL, and the efficiency of energy transfer between
large finite NPLs and QDs in solution,

5) Contextualize exciton diffusion and 2D-0D energy
transfer across many material systems.

Taken together, these results demonstrate the role that near-
field energy transfer can play in allowing for extremely efficient
excitation energy transfer in NPL systems, and extended NPLs
may act as excellent antennas.
In Situ Grown HgTe NPL/QD Heterostructure. We

previously found that HgTe QDs will grow on the surface of
HgTe NPLs following a cation and ligand exchange from oleic
acid passivated CdTe NPLs to oleylamine passivated HgTe.14

The growth can be controlled by precursor concentrations and
is temperature activated�holding the cation-exchanged NPLs
at elevated temperatures will speed up growth and storing in a
freezer will inhibit growth. This growth is specific to HgTe
because QDs will form at ambient temperatures with the same
precursors required for cation exchange.19 These in situ grown
HgTe QDs appear to be attached to the surfaces of the NPLs,
possibly growing epitaxially from reactive sites introduced by
the labile surface Hg, and result in near complete NPL band-
edge quenching along with high photoluminescence quantum
yield (PLQY) from the resultant HgTe quantum dots (Figure
1a-b, blue trace). Our prior work showed that HgTe energy
transfer is occurring from NPL to QD and allows for a
continuously tunable Stokes shift depending on the bandgap of
the QD. We previously showed that the PLQY of the QD
grown through this method is very high, with values from
∼30−50%.14 These results are comparable to some of the

highest PLQY reported for HgTe QDs and suggests that the
transfer must be near unity.19

Estimate of In Situ Donor−Acceptor Number Density.
To give an estimate for the ratio of donor to acceptor, we
calculate the concentration of both the NPLs and QDs in the
in situ heterostructure in the Supporting Information (Section
S2). Briefly, an upper bound on the NPL concentration can be
estimated from their average size and amount of precursor
used in synthesis, assuming a 100% reaction yield for all steps,
including cation exchange. We observe very little change in the
absorption spectra of the NPLs after the HgTe QDs have
grown and show photoluminescence (PL), indicating that the
QD growth occurs at low concentrations relative to that of the
NPLs. To estimate the QD concentration, we found the
difference in absorption at the QD band edge between a fresh
NPL sample (no QD growth) and an aged NPL sample with
QD growth (Figure S2). We then used the absorption cross
section to give an estimate of the QD concentration and found
<5 QDs per NPL for all of the in situ samples we collected
(Table S1).

Ex Situ Mixed HgTe NPLs and QDs. For comparison to
in situ NPL/QD heterostructures, we perform a control
experiment by first separately synthesizing oleylamine
passivated HgTe QDs with sizes that match the in situ
grown QDs (Figure S1) and then mix a comparable
concentration with 3 ML HgTe NPLs isolated immediately
after cation exchange (further details in S3). Hereafter we will
refer to this sample as mixed NPLs and QDs. While we are
able to reproduce energy transfer by mixing QDs and NPLs,
there is less quenching of the band edge emission (Figure 1a,
green trace), suggesting lower efficiencies of transfer. From
TEM, we observe in situ grown QDs in contact with the
surface of the NPLs that are not washed away during
centrifugation, while the mixed QDs are easily removed
using gentle centrifugation, which recovers NPL band edge PL
(Figure 1c and Figure S5). We predict that the in situ grown
quantum dots are epitaxially attached or in very close proximity
to the NPLs in the heterostructure (Figure 1d), which affords
it such high energy transfer efficiencies compared to separately
synthesized QDs and NPLs which are likely not adsorbing to
the NPL surfaces and thus constitute an “ideal” solution. The
in situ NPL/QD heterostructure not only allows for slow
controlled growth of a low concentration of high PLQY QDs,
but also overcomes distance limitations of energy transfer

Figure 1. (a) Representative spectra demonstrating the enhancement in photoluminescence when HgTe QDs are grown via an in situ QD/NPL
heterostructure compared to those simply mixed with NPLs. The in situ heterostructure experiences complete band-edge quenching, suggesting
energy transfer. (b-c) TEM showing in situ and mixed systems of HgTe NPLs and QDs. (d) A schematic of QD on NPL where the QD is in close
contact with the NPL. Note that the ligands are not shown for clarity.
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systems when the donor and acceptor are synthesized
separately.
The Quantum Efficiency of Energy Transfer. To

determine the experimental quantum efficiency (QE) of
transfer, we collected absorbance and PL measurements
while exciting the system at different wavelengths. We excite
both mixed and in situ 3 ML NPL and QD at 750 nm to
observe energy transfer (donor plus acceptor) and isolate the
QD (acceptor only) by exciting at 950 nm, below the band-
edge of the NPL near 880 nm (Figure 2a). After normalizing

PL by excitation power, this allows us to observe an
enhancement in QD PL when exciting into the NPL bandgap.
The absorbances of NPL and QD must be noted at both
excitation wavelengths, so we use a sample of NPLs only (no
QDs present) and QDs only (no NPLs present). The emission
at 750 nm (Em750) when exciting both NPL and QD can be
expressed as

= * + * *Em Abs QY Abs QE

QY

750 QD,750 QD,750 NPL,750 ET

QD,750 (1)

where AbsQD is the absorbance of the QD, QYQD is the PLQY
of the QD, AbsNPL is the absorbance of the NPL, and QEET is
the quantum efficiency of energy transfer. Similarly, when
exciting only the Q:

= * + * *Em Abs QY Abs QE

QY

950 QD,950 QD,950 NPL,950 ET

QD,950 (2)

We will assume a negligible contribution from the sub-band
states in the donor (NPL) despite the presence of an Urbach
tail in HgTe NPLs. We rule out a significant contribution to
the overall PL from exciting into these states in Figure S6. The
emission of acceptor only then becomes

= *Em Abs QY950 QD,950 QD,950 (3)

Note that we are assuming that the quantum yield of the
acceptor does not change by the presence of the donor and is
also independent of excitation wavelength. We can then use
the total integrated emission along with the absorption spectra
to calculate the quantum efficiency of energy transfer (QEET)
by

=

*

QE
Abs Abs

Abs

QD

ET

Em
Em ,950 QD,750

NPL,750

750

950

(4)

We repeated the experiment on many different samples and
found that overall, the QE of transfer for the in situ case is
always higher than the control case, from >85% compared to
the mixed case of 35−63%. The average experimental QEs of
multiple trials are reported in Figure 2b (black data points),
along with their standard errors of the mean. For the mixed
system, we started at low concentrations of added QDs and
found that we were not able to observe energy transfer until we
reached the concentrations shown above. Even with this much
higher ratio of QD per NPL, we were not able to cross the QE
threshold that we observed in the in situ case. We observed
that the QE scales with concentration likely because these QDs
experience energy transfer through FRET rather than near-field
as in the in situ case (Figure 2b). Therefore, the energy transfer
is proportional to the average distance between particles, which
scales with concentration.

Modeling of FRET Efficiency. To explain the energy
transfer, we employed a Förster resonance energy transfer
(FRET) model. This yielded an estimated efficiency of energy
transfer (>20%) that is significantly higher than the quantum
yield of the donor alone (5−10%). The result is unusual as
simplistically FRET is assumed to be bounded by QY of the
donor (at low quantum yields); however, this has proved to be
an oversimplification both theoretically and experimentally.20

In our case, this apparent mismatch prompted a more detailed
study of the FRET mechanism for our specific NPL-QD
system.
Following the work by Chuang et al., we first developed a

more specific model for our 2D (NPLs) to 0D (QDs) energy
transfer system, which takes the scale of donor−acceptor
distances and the actual geometry of the dipole distribution
into consideration.21 Briefly, the relatively small HgTe QD is
modeled as one single dipole, while the larger HgTe NPL

Figure 2. (a) The absorption (solid line) and emission (dashed line)
spectra of in situ grown HgTe QDs + NPLs and mixed QDs + NPLs.
Both samples are excited above and below the NPL bandgap (750 and
950 nm, respectively) to excite the donor + acceptor and acceptor
only. The inset highlights the difference in PL intensity between the in
situ and mixed heterostructures. The (*) indicates regions of C−H
stretch reabsorption from the hexanes solvent. All subsequent
quantum efficiency values reported are collected in hexanes, but a
comparison to TCE is given in the Supporting Information. (b) The
quantum efficiency (QE) of energy transfer is calculated for both
systems. The mixed system is evaluated at increasing concentrations,
while the in situ QE is calculated and the number of QD per NPL is
estimated from the spectra. All data points are a result of the mean of
multiple trials, and the error is calculated through the standard error
of the mean.
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consists of multiple dipoles (Figure 3a−c). The FRET rate
equation is determined by calculating the summation of
dipole−dipole coupling of donor−acceptor pairs over all
possible dipole orientations (see Supporting Information for
details). The summation can be calculated as a continuous
integration to extract the distance dependence:

+
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r R
R r
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R r
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(5)

where R is the distance between QD and NPL and r0 is the size
of the NPL. The traditional R−6 distance dependence is
recovered at the far-field limit, but in the case of near-field
FRET, the rate equation has a different distance dependence
and prefactor. This behavior is also shown through numerical
calculation, where a transition of R−4 to R−6 dependence can
be clearly seen with increasing donor−acceptor distances
(Figure 3d). Considering the high QD-to-NPL ratio and the
relatively large size of the NPL, it is likely that the traditional
(R−6) FRET rate equation fails to accurately describe the
situation, and it is necessary to use the near-field FRET rate
equation. We then used the obtained near-field FRET rate
equation in kinetic Monte Carlo simulations to calculate the
FRET efficiencies for different QD concentrations (see
Supporting Information Section S7 for details). Based on the
simulations, we can confirm that the donor−acceptor distances
are indeed in the near-field range where the R−4 dependence

should be used. The average distance depends on the QD-NPL
ratio, but we found these R/r0 distances to be between
0.0136−0.0216 (shown on a log scale in Figure 3d). By
comparing the simulations with the experimental results
(Figure 3e), we can conclude that the near-field FRET is
indeed the energy transfer mechanism in the mixed case.
Additional passivation through added ligand (1% w/v%
oleylamine in hexanes solvent) before mixing improved the
QE by ensuring that all nanocrystals remained suspended in
solution during the measurements and passivated surface
defects, which might affect either nanocrystal (a comparison to
no added ligand is given in Figure S10). We also attempted to
conduct the measurements in tetrachloroethylene (TCE) to
avoid significant solvent reabsorption but found that this
solvent reduced the QE (1−15% for mixed case and 36% for in
situ case, full results in Figure S10) and dissolved the
nanocrystals after a few hours, likely by the difference in
solvent polarity compared to hexanes. Therefore, the values
that we report in Figure 2b are all collected in hexanes. Overall,
these results highlight the advantage of in situ grown QDs as
having near complete transfer from the large area NPLs,
establishing an efficient energy harvesting system.
The high efficiency of energy transfer is consistent with our

previous expectation that the in situ grown QDs are adsorbed
or in contact with the surface. It is therefore not surprising that
the in situ case has a much higher QE than the mixed case
given the distance between donor and acceptor. What is
surprising, however, is that the number density of QDs is very
low while still reaching near unity transfer. This suggests that
there must be long-range exciton transport for nearly every

Figure 3. Model for studying the distance dependence of the NPL-QD FRET system. (a) QD with a free-rotating dipole moment (blue vector)
and NPL consisting of individual in-plane dipole moments (red vectors). The position vector of QD dipole is given in terms of Cartesian
coordinates. (b) Top-down view of the in-plane dipole moments of the NPL. The position vector of NPL dipoles is given in Cartesian coordinates.
(c)Diagram of altitude angle and azimuth angles for dipole moments. The “dipole vectors” are given in spherical coordinates. (d) The distance
dependence of the FRET rate, plotted on a log−log scale to extract the index of R. The average donor−acceptor distances found in our simulations
are indicated by the gray box. (e) The comparison of our experimental energy transfer efficiencies (black) to simulated results for both the near-
field (purple) and far-field limit of FRET (green). The near-field results are represented as a range due to error (discussed in Supporting
Information), whereas the error on the far-field results is too low to be shown in the plot.
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exciton to reach a QD. Even the small-to-averaged sized NPLs
represent a ∼1000−2500 nm2 area that the exciton must
sample before reaching a QD, and this must outpace the
recombination rate. We therefore became interested in
exploring exciton diffusion through modeling to better
understand transport within these NPLs.
Modeling of Exciton Diffusion. Experimentally we

observe that the energy transfer from NPL to QD results in
>85% quenching. Using a Monte Carlo simulation, we
determine a theoretical diffusion constant by modeling an
exciton on an NPL with a two-dimensional (2D) random walk
(Figure 4a). This model asserts that the movement of the
excitons is diffusive rather than ballistic at room temperature,
as is consistent with prior work on exciton transport in 2D
materials.22 In our model, the exciton is allowed one of two
outcomes: it will either recombine according to the time scale
of the experimental total photoluminescence lifetime (Figure
S12), or it will undergo energy transfer by reaching a position
within a radius of a trap (set to be the exciton Bohr radius in
bulk HgTe, 40 nm although this is discussed further in Section
S12). In all simulations, the exciton is confined to a square 2D
area which can vary but follows a normal distribution centered
at 500 nm�the average size of a 3 ML HgTe NPL (Figure
S12). We estimate the trap density to be about 2 traps/NPL

(see prior discussion and Supporting Information S2), and
each NPL is given a Poissonian number of traps distributed
randomly across the 2D sheet (Figure S12). Additional
examples of random walks at different diffusion constants are
shown in Figure S14.
We observe that in order to reach greater than 80% trapping

(or the minimum experimental QE from NPL to QD), the
diffusion constant of the exciton can be conservatively
estimated to be between 1 and 10 cm2/s (Figure 4b). The
trapped exciton population percentage has a nonzero
minimum that depends on the average number of traps per
NPL�because they are placed randomly, this represents the
excitons that are immediately quenched by being placed within
the radius of the trap during initialization of the walk. We also
observe a maximum trapping at 86% and saturation at 10 cm2/
s, which reflects the population of NPLs which have no traps
(i.e., the excitons on these NPLs will always recombine). The
saturation would reach 100% quenching only if every NPL has
at least one trap. Although we show the results of a Poissonian
distribution of traps, we also calculate the diffusion constant
from a uniform number of traps/NPL in Figure S13b.

Comparison to Other Diffusion Constants and Other
2D-0D Heterostructures. Finally, in Figure 5 we compare
the theoretical diffusion constant (indicated by an asterisk) to

Figure 4. a) 2D random walk model of exciton diffusion over a square sheet representing a NPL. The traps shown in green represent QDs on the
surface and will quench the exciton when it falls within the trapping radius. b) The results of the Monte Carlo simulation showing the percentage of
excitons that trapped (red) and the percentage of excitons that recombined (black). The dashed line is the QE threshold for experimental
percentage of trapped excitons.

Figure 5. a) Literature diffusion constants reported for QD films,23−26 conjugated polymers,27,28 oligoacene triplets and singlets,29 nanotubes,30−32

2D semiconductors,33−40 and nanoplatelets41,42 at room temperature. b) Energy transfer efficiency rates for 2D to 0D systems including TMDs and
quantum well (QW) to NCs,3,43,44 NPLs to NCs,18,45 our results, and NPLs to conjugated fluorophores.46
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other excitonic materials of interest for optoelectronic
applications. Diffusion constants have been studied in organic
and inorganic semiconductors such as conjugated polymers,
oligoacenes, and 2D TMDs, but literature results in NPLs are
limited to small CdSe and CdS. Although we report an
estimate, we can compare the order of magnitude from our
result for HgTe to different materials and find that NPLs,
despite being colloidal nanocrystals, are most comparable to
the 2D TMDs, highlighting their similarity to extended 2D
semiconductors. NPLs’ large areas and exciton diffusion
constants are essential for their antenna functionality, and
although they draw the strongest comparison to 2D materials,
they have the advantage of being extremely good emitters. 2D
TMDs commonly have low PLQY after exfoliation (<1 to 6%)
due to surface defects and require significant efforts to boost
the PLQY, such as with superacid treatment.47,48 NPLs on the
other hand offer high PLQY after synthesis (∼10% here for
HgTe NPLs) and have access to milder solution-based
treatments like passivation or shelling to minimize defects
and reach near unity PLQY. They present a promising path
forward toward large area semiconductors for energy collection
antennas.
Many other antenna systems have demonstrated extremely

high energy transfer efficiencies such as photosynthetic
antenna complexes and light harvesting nanotubes.1,49 The
energy concentration from large area 2D to 0D semi-
conductors of the same composition, however, has not been
previously explored to our knowledge. It has been shown from
2D TMDs to separately synthesized nanocrystals such as WS2
to PbS-CdS, WS2 to CdSe/ZnS, and MoS2 to CdSeTe/ZnS, as
well as in InGaAs quantum wells to CdSe/ZnS QDs.3,43,44,50 In
NPLs, energy transfer from 2D to 0D has been demonstrated
from CdSe NPL to metallic nanoparticles such as Pt, Pd, and
Au.18,45,51,52 Similarly, energy transfer from 2D NPLs to
molecular chromophores has been demonstrated such as in 3
ML CdSe NPLs to conjugated fluorophores.46 These results
are summarized in Figure 5b, where the QE is shown as a
function of acceptor density (or the number of reported
acceptors per area of donor). In these systems, energy transfer
is dominated by FRET and is limited by spectral overlap,
distance from donor to acceptor, and high concentrations
needed which may induce self-quenching. Our system
overcomes all these limitations by having tunable spectral
overlap, epitaxial contact between donor and acceptor, and
extremely low concentrations of acceptor relative to donor.
Together these results all highlight the efficiency of this system
for infrared energy concentration using a minimal amount of
material and demonstrate its promise in applications such as
solar concentration.
Overall, we observe that HgTe NPLs can act as highly

efficient energy antennas to HgTe QDs with bandgaps in the
shortwave infrared. The energy transfer is highest when the
QDs are grown in situ from the excess precursors in solution
during cation exchange. We evaluate the energy transfer of this
system to be near unity and determine that excitons within
NPLs must diffuse a large area before reaching the QD, and
the exciton diffusion constant is higher than that reported for
other nanocrystals. These results both highlight the similarities
between NPLs and extended 2D semiconductors such as
transition metal dichalcogenides and provide a promising
platform for infrared energy collection and concentration.
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