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ABSTRACT: Quantum dot (QD) solids and arrays hold a great potential for novel
applications which are aimed at exploiting quantum properties in room-temperature
devices. Careful tailoring of the QD energy levels and coupling between dots could lead to
efficient energy-harvesting devices. Here, we used a self-assembly method to create a
disordered layered structure of QDs, coupled by covalently bonded organic molecules.
Energy transfer rates from small (donor) to large (acceptor) QDs are measured. Best
tailoring of the QDs energy levels and the length of the linking molecules results in an
energy transfer rate as high as 30 ps−1. Such rates approach energy transfer rates of the
highly efficient photosynthesis complexes and are compatible with a coherent mechanism
of energy transfer. These results may pave way for new controllable building blocks for
future technologies.

■ INTRODUCTION

Semiconductor quantum dots (QDs) are known to exhibit
optical and electrical characteristics which depends on their
size, composition, and shape. When coupled in assemblies, they
can be used as building blocks for “artificial molecules” or
“artificial solids”, which are expected to yield novel proper-
ties.1−5 In turn, such new materials can be implemented in a
variety of applicative uses, such as solar energy harvesting,
sensing, light emission, and information processing.6−15 For
many such applications, control of coupling properties and
energy transfer (ET) between the QDs is desired to enhance
efficiency and performance.16

ET in QD solids was studied in several previous works.
These include layered QD solids realized by the Langmuir−
Blodgett/spin-coating techniques,17−19 by electrostatic layer-
by-layer self-assembly,20−22 or by using dithiol linkers.16,23,24

ET rates as high as 71 ps−1 were reported in layers of donor and
acceptor QDs in close proximity,20 with a rate of 50 ps−1

derived for a specific subspecies within the ensemble
inhomogeneous distribution. In many of the works, it has
been pointed out that the ET for the case of close-packed QDs
deviates from the basic perturbation regime of the dipole−
dipole interactions that lead to the known Förster resonance
energy transfer (FRET) mechanism.18,21,22,25−27 Yet, no clear
attempt was made to achieve control over coupling properties
and to comprehensively study the effect of QD linkers upon
ET.

Here, we use dithiol-linking molecules to realize bi-size QD
solids. The sizes of the QDs are such that the first excitonic
state of the smaller dot is quasi-resonant with the second
exciton of the larger dot. Using ultrafast transient absorption
(TA) spectroscopy, the fast ET between donor and acceptor
QDs is examined. By alternating between different lengths of
the linking molecule, we aim to control the QDs’ coupling
strength and ET rates. The measured rates and their
dependence on the length of the linker molecules point to a
coherent contribution to the ET dynamics beyond the
perturbative regime.

■ EXPERIMENTAL SECTION
Sample Preparation. Colloidal CdSe QDs were synthe-

sized according to Lifshitz et al.28 QDs of two different sizes
were used: smaller QDs with a mean diameter of around 2.75
nm (QDs A) or larger ones with a mean diameter of 3.45
nm(QDs B). A disordered structure of covalently bonded QDs
was realized using wet chemistry, as described in detail in our
prior publications.5,29 Samples were composed of either one
size QDs or both sizes of QDs to examine ET between small
and large QDs (as schematically shown in Figure 1c,d,
respectively). We used alkanedithiol molecules, of two different
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lengths, as linkers between dots (Figure 1a). The molecules,
presented in Figure 1a, are the shorter 1,3-propanedithiol
(PrDT) and the longer 1,9-nonanedithiol (NDT), with
nominal lengths of 5.5 and 13 Å, respectively. They form
covalent bonds with QD Cd atoms at both ends.30,31 QDs in
original toluene solution were measured as well, as a reference
of isolated, noncoupled dots. Consecutive dipping of fused
silica substrates in QD solution and linking molecule solution
and repeating the process for ∼30 times yielded a disordered
layered structure, as Figure 1c,d illustrates. The adsorption
procedure was carried out under a dry nitrogen environment,
and consecutive sealing of the sample was done for their
encapsulation and prevention of oxidization. It should be noted
that the adsorption procedure, which leads to a rather
disordered structure, was used to obtain a three-dimensional,
isotropic structure, with clear signatures of ET. This was done
to prevent a preferred ET direction. Yet, it can easily be
modified to provide a cascaded bi-layer or multi-layer structure
of size-gradient QDs, as proposed before.32

Experimental Methods. A home-built ultrafast TA
(pump-probe) setup was used to investigate electronic
dynamics of the samples. A detailed description of the setup
and measurement procedures is found in the Supporting
Information. Pump pulses (400 nm) were used to excite the
samples, followed by a white-light probe pulse. At this
excitation wavelength, QDs of both sizes are excited. Very
low power pump pulses were used to achieve a low average
number of excitons per dot, ⟨Nex⟩ ≪ 1. This was done to avoid
multiexciton generation in a single dot and minimize the effect
of excited neighboring dots.

■ RESULTS AND DISCUSSION
Figure 2 shows steady-state absorption spectra of the two types
of QDs used in toluene solution. The smaller QDs A exhibit a
band edge absorption peak at 537 nm, whereas the bigger QDs
B has their band-edge absorption peak at 567 nm. The first few
energy levels are clearly visible in the spectra, and a Gaussian fit
for the two lowest states appears in the figure as well. These
two levels correspond to the electron−hole pair 1Se−1S3/2 and
1Se−2S3/2 states. From the spectra, it is possible to see that the
small QD band-edge energy level (1S) is resonant with the 2S
energy level of the bigger QDs. Steady-state absorption

measurements of the adsorbed samples suffer from a high
degree of scattering, thereby yielding results of poor quality.
Trends such as red shift of the absorption bands are clearly
seen, yet quantitatively measuring the coupling strength is not
realistic by such steady-state measurements.
Ultrafast TA measurements were conducted on all different

samples, allowing us to follow the dynamics of the system and
to overcome scattering issues. Figure 3 compares results for
three of these samples; absorption difference (ΔA) for different
pump-probe delay times, ranging from 0 to 500 ps, is shown for
QDs B in all three configurationsin toluene solution
(noncoupled) and in a layered structure with NDT and
PrDT linker molecules. The two negative dips which are
marked B1 and B2 in Figure 3a originate from the ground state
bleach (GSB) of the 1S and 2S states. Relaxation of the hot
charge carriers to the lowest energetic levels occurs within a
timescale of hundreds of fs33,34 and is followed by slower
radiative and nonradiative transitions of the electron−hole pair
to the ground state. At both ends of the displayed spectrum,
two photoinduced absorption signals appear, labeled A1 and A2.
These can be assigned to bi-excitonic processes.33,35 Within a
few ps timescale, only relatively small changes in the spectra
shape are visible, as the dominant process observed in this
system is the longer ns-timescale decay of the signal.
Nevertheless, clear differences are easily identified among the

TA spectrum of the three samples. The transition from
noncoupled QDs to coupled QDs appears with a shift of the B1
and B2 levels to lower energies. Table 1 presents the position of
these two bands for all samples for a pump-probe delay time of
Δt = 10 ps, and the coupled QDs energy bands shift relative to
the noncoupled band position. The position was determined
using Gaussian fits for the peaks. The coupled QDs exhibit a
red shift of the 1S level, of about 8 meV for the long NDT
linkers, and about 18 meV for the short PrDT linkers. We
attribute this red shift, which is accompanied by small
broadening of the bands as well, to the coupling (within
weak-coupling regime) of the QD energy levels with
neighboring dots. The 2S level, having a less localized nature,

Figure 1. (a) Chemical structure of the alkanedithiol linker molecules
used in present work. (b−d) Schematic illustrations of QD samples
under investigation: (b) QDs in solution (isolated). (c) Single-size QD
disordered structures. (d) Disordered structure of QDs of two sizes.

Figure 2. Steady-state absorption (in blue) and emission (in red) of
the 2.75 nm QDs (bottom) and 3.45 nm QDs (top) in toluene
solution. The thin dashed lines represent Gaussian fits for the first two
bands in the absorption spectra. The smaller QDs A exhibit a lowest
unoccupied molecular orbital 1Se−1S3/2 level resonant with the 1Se−
2S3/2 level of the bigger QDs B. The inset displays the excitonic energy
structure of the dots, with first few electron and hole states, and the
allowed transitions between them.
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is coupled even stronger, yielding a shift that is larger by ∼20
meV for both linkers. The smaller QDs A exhibited an even
stronger effect pronounced as a red shift doubled in energy (see
the Supporting Information). The effect of the linker molecule
on coupling properties and delocalization of the wavefunction
has also been the subject of our previous published work.5,29 As
we have previously shown,5 these observed signatures in the TA
signal cannot be fully explained as rising due to trapping of
excitons at newly created surface states. Also, it should be
emphasized that the two ends of the linking molecules have the
same head group (a thiol), and therefore, there should be no
difference in surface-related effects between the two linked
dots.
Combining QDs of the two sizes in our samples allows us to

trace existence and rate of excitonic energy transfer (EET)
among neighboring QDs via a dipole−dipole mechanism. This
is done by tracing the TA signal decay at probe wavelengths
corresponding the two QDs B1 bands. Figure 4a presents the
ratio of ΔA at around 537 nm (B1 of QDs A and B2 of QDs B)
and ΔA at around 567 nm (B1 of QDs B) as a function of time
for samples including only QDs B and those incorporating both
QDs A and QDs B. They are normalized to 1 at 600 fs after
both the contributions from coherent artifacts and intraband
transitions die out. The three samples containing QDs B only
are presented by dashed lines; they all show roughly the same
dynamics. In solid lines, the samples of both QD sizes appear.
Here, differences between the three samples are clear. The
expected qualitative trends for EET in coupled samples
between donor QDs A and acceptor QDs B are clearly seen.
The effect is more dominant and faster when the shorter PrDT
linkers are used. It should be pointed out that the TA signals at
the mentioned probe wavelengths are not necessarily propor-
tional to the 1S/2S state population. QDs B mainly exhibit a
GSB of B2 and B1 bands at the probing wavelengths of 537 and

567 nm, respectively (see Figure 3); QDs A have their B1 and
A1 features at these wavelengths. To obtain a quantitative value
for the EET rate, we have divided the ratio of ΔA537/ΔA567 for
the QDs A + QDs B samples with that of the QDs B only when
the last acts as a reference baseline. The results are shown in
Figure 4b. The plots present three components with three
timescales that can be fitted to a relation of the form f(t) = a1

Figure 3. TA spectrum for different pump-probe delay times for QDs B in (a) solution (isolated), (b) linked with NDT (longer linker), and (c)
linked with PrDT (shorter linker).

Table 1. Position of the B1 and B2 Bands at Delay Time Δt =
10 ps for QDs B in Solution and Linked with NDT and
PrDT, Including Their Relative Energetic Shift from Bands
in Solutiona

solution NDT PrDT

energy level
position
(nm)

position
(nm)

shift
(meV)

position
(nm)

shift
(meV)

1S−1S3/2
(B1)

562.9 565 8.2 567.5 17.9

1S−2S3/2
(B2)

531.4 537.7 27.3 540.4 38.9

aEstimated error is <±0.5 nm in wavelength or 3 meV in energy.

Figure 4. (a) Ratios of the TA ΔA signal probed at the small QD band
edge (537 nm) with that probed at the big QD band edge (567 nm)
for noncoupled dots in solution (blue) and for coupled QDs linked
with NDT (yellow) and with PrDT (red) as a function of the pump-
probe delay time. The dashed lines present samples with big QDs only
(QDs B), and the solid lines represent samples incorporating both
small and big QDs (donor−acceptor systems). (b) Ratios of ΔA537/
ΔA567 from Figure 4a of donor−acceptor systems (QDs A + QDs B)
with those of acceptor systems only (QDs B). The black lines
represent three components fits, as described in the main text. All plots
are normalized to 1 at a delay time of 600 fs.
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exp(−t/τ1) + a2 exp(−t/τ2) + c, as presented for the NDT- and
PrDT-linked samples in Figure 4b (solid black lines).
For very short times of up to few ps, all samples show

dynamics quite independent of coupling properties. On such
timescales, dynamics is governed by intradot transitions, as was
already manifested in our previous publication.5 The mild
changes that do exist can be ascribed to surface effects rather
than interdot effects. The adsorption process of the QDs in the
layered structures (i.e., the NDT and PrDT-linked) includes an
exchange of their original ODA ligands with thiol molecules.
This can, for example, alter passivation of surface traps, allowing
fast trapping of charge carriers. Such effects should have
approximately the same influence on both NDT- and PrDT-
linked samples, as both share the same thiol linking head group.
Indeed, the first time scale τ1 for both has the same value of ∼3
ps, matching previous reports.36,37 The QDs in solution are
probably better passivated, and so, they present a more modest
decay during that timescale.
The second time scale corresponds to the EET rate from the

donor QDs A to the acceptor QDs B. It is found to be 50 ps−1

for the NDT and 30 ps−1 for the PrDT. A relatively large error
range is associated with these values, as they varied according to
the fitting procedure; an error factor of up to 1.5 is plausible.
That said, these are among the fastest EET rates achieved in
coupled QDs. We will address this shortly.
Lastly, at the third time scale, the recombination of the

electron−hole pair is the dominant process. As this takes place
in ns time scales,38,39 it can be regarded as a constant within our
measurement time frame (c, in the abovementioned fit
equation).
We believe that the very fast EET between the dots was

accomplished by proper selection of the QDs and the linking
molecules. By maximizing the overlap between the donor QD
emission spectrum and the 2S band absorption of the acceptor
QDs (see Figure 2), EET rate is increased,17,23 as it is directly
linked to the overlap integral between the two.40,41 Once
energy is transferred to the 2S band of the acceptor QDs B, a
very fast intraband decay to the 1S levels occurs in a matter of
hundreds of fs.34 Moreover, because of the quasi-resonance
condition between the excited states of dots of different sizes,
delocalization of excitons on QD dimers may speed up the
transfer process, as we will discuss further below.
The linking molecules have few roles in controlling the

detected coupling properties. The first and most pronounced is
determining the interdot spacing. The center-to-center distance
of adjacent QDs of the type A and B is 3.65 nm for the PrDT-
linked dots and 4.4 nm for the NDT-linked ones. It is well-
known that FRET rates obey a 1/R6 dependency with respect
to the donor−acceptor distance, R. Bearing in mind the large
uncertainty in the ET rates, and having only two different
distances, our results still seemingly present a large deviation
from this power law. Yet, deviations from the classical case of
the point-dipole donor−acceptor case have already been
witnessed and discussed before.21,22,26,27 Our results better fit
a ∼1/R3 ET rate dependency. Such dependency is expected in a
case of the bulk acceptor,42,43 which might describe our three-
dimensional structure of QDs. Yet, while this form of
incoherent ET is possible in our system, the disordered nature
of our system makes it more improbable. Another mechanism
of coherent ET between dimers is more likely, as described by
our theoretical model suggested below.
Second, the linking molecules form covalent bonds with the

Cd atoms of the QDs at both ends.30,31 We believe that this

type of bridging between QDsin comparison with the
electrostatic or physical forces involved in Langmuir−Blodgett
layer-by-layer methods methods for QD film preparationis
more efficient in terms of charge/exciton transfer. Coherent
charge transfer was shown to be small for alkyl dithiols
linkers.5,44 Single-molecule transport measurements show up to
three orders of magnitude better conductivity for chemically
bonded contacts in respect to nonbonded ones.45,46 For
photoexcitation, ET is also expected to be more efficient
because it is closely related to the size of the excitonic
wavefunction; covalent bonds at the surface of the QD lower
the charge carriers confinement, therefore yielding less localized
excitons. We have addressed this issue in a previous
publication.5

To provide a clear and simple illustration of the coupling
mechanism between the photoexcited donor and acceptor QDs
in our system, a theoretical model was established. The model
is described in detail in the Supporting Information. The
coupling that results from quasi-resonance that is engineered
between the 1Se−2S3/2 transition of the acceptor and the 1Se−
1S3/2 transition of the donor creates a state delocalized over the
two dots. In the limiting case of an exact resonance, the ET rate
scales as 1/R3, with calculated transfer rates that compare well
with the experimentally measured timescales shown in Figure
4b. The calculated transfer rates for the resonance case are
plotted in Figure 5 as a function of the center-to-center distance

between donor and acceptor dots. The radius of each dot is
adjusted to agree with the experimentally measured transition
frequencies, as calculated by our simplistic model, hence the
deviation from the actual values (see the Supporting
Information). These results suggest the existence of a fast,
coherent dipole−dipole interaction between the QD excitons
for the dimers that are resonant. For those that are out of
resonance, the coupling falls in the perturbative regime which
leads to slower ET rates, which is in agreement with the Förster
regime.

■ CONCLUSIONS
In this work, we studied the photoinduced ET in disordered
multi-layered structures of coupled QDs. We have demon-
strated a very fast ET in an optimally tuned donor−acceptor

Figure 5. Calculated time necessary for a complete transfer of
population from the donor dot to the acceptor dot in the resonance
condition as a function of center-to-center dot separation. The center-
to-center distances (R) correspond to surface-to-surface distances of 1,
2.5, 5.5, 10, and 13 Å.
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system, with rates as high as 30 ps−1. These rates show
dependency in the donor−acceptor distance, which is
controlled by the incorporation of dithiol linkers. The
dependency greatly deviates from the one expected from a
dipole−dipole FRET mechanism, suggesting the existence of a
coherent dipole−dipole interaction, made dominant by the
quasi-resonance condition that was engineered by tuning the
donor−acceptor system. We attribute the fast ET rates, in part,
to the outcome of the covalent bonds between the QDs and the
linking molecules. As we have shown earlier as well,5 the
excitonic wavefunction tends to delocalize outside the single
QD in the presence of such bonds, leading to better coupling
properties with neighboring dots. With this work, we present
the ability to further control and enhance ET in QD solids, for
tailored applicative uses at ambient conditions ranging from
solar energy harvesting to LEDs and lasing, where the rate of
ET is critical, as it competes with disorder and fast quenching.
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