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ABSTRACT: Semiconductor quantum dot (QD) assemblies
are promising systems for light harvesting and energy
conversion and transfer, as they have a superior photostability
compared to classical dyes and their absorption and emission
properties can be tuned during synthesis. Here, we investigate
excitonic energy transfer in self-assembled dentrite-type fractal
structures consisting of QDs by microscopically mapping their
fluorescence spectra and lifetimes. The behaviors of CdSe/ZnS
and CdTe QD assemblies are compared; in particular, the
energy transfer probability is found to be stronger in CdTe-
based structures, scaling with their radiation quantum yield.
Our results indicate Förster-type energy transfer in both
systems, although with a higher efficiency in CdTe. The energy transfer is caused by near-field (nonradiative) dipole−dipole
coupling between the individual QDs within a dendrite, with the excitation migrating from the edges to the center of the
structure. The experimental findings are supported by theoretical modeling results obtained by using master equations for exciton
migration/decay kinetics in diffusion-limited fractal aggregates composed of identical particles.

1. INTRODUCTION

Chemically synthesized quantum dots (QDs) of II−VI
semiconductors are known for their excellent luminescent
properties related to quantum-confined exciton states, which
can be tuned by manipulating the particle size, shape, and
composition and that show superior photostability compared to
organic absorbers, allowing for many excitation−emission
photocycles before irreversible bleaching. Among the numerous
types of nanometer-scale building blocks, colloidal QDs are of
special interest because they can form ordered assemblies, for
example, for use in optoelectronic and biotechnology
applications.1 The main advantage of QDs-based structures
over organic ones are their broad absorption band and the
possibility of inter-nanodot energy transfer in nanocrystal-based
solids.2 Colloidal CdSe/ZnS and CdTe nanocrystal (NC)
quantum dots are employed for the fabrication of self-
assembled structures, which are aggregated assemblies that
range in shape from nearly-1D nanowires to 2D and 3D
structured systems.3 The self-assembling process occurs at the
liquid substrate interface,4 where the competing effects of the
fluid−solid phase transition, i.e., diffusion of NCs along the
substrate surface and subsequent rupture of a thin liquid film on
the substrate, lead to the formation of a large variety of different
structures.5 Nevertheless, the manipulation of QDs requires a

detailed knowledge of the NCs chemistry and materials
properties of the suspension fluids,6 which is essential to
control the NCs self-assembly mechanism.
In this context, a significant progress toward the develop-

ment of patterned colloidal semiconductor NCs has been
achieved during the past decade. The feasibility of self-
organization of fluorescent CdTe NCs into crystalline nano-
wires in a water droplet has been demonstrated.7 Their
formation is supposed to be related to electrostatic attraction
between NCs. Sukhanova et al. reported a novel route for the
controlled, thermodynamically driven fabrication of even more
complex hierarchical 2D arrays prepared from CdSe/ZnS
water-solubilized NCs.8 They found that water-solubilized QDs
or quantum rods (QRs) formed homogeneously sized droplet-
like spheroid clusters and hexagonal colloidal crystals by self-
organization into more (QRs) or less (QDs) regular 2D
assemblies.
An approach to obtain polycrystalline fluorescent dendrites

from water-solubilized CdSe/ZnS QDs, making use of the self-
assembly of NCs, has also been reported.9 Their shapes can be
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manipulated by controlling the water evaporation rate and the
concentration of NCs (building blocks), allowing one to obtain
dendrites with promising optical and energy transfer properties.
Furthermore, it has been shown that a variety of nanostruc-
tures, such as nanowires or polycrystalline dendrites with
desired properties (namely, size and morphology), can be
achieved by controlling external parameters such as nanocrystal
shape, concentration, and temperature.10 Despite some
progress in this field,11−13 one of the major challenges is that
the relationship between the NC interactions and the
properties of the resulting self-assembled nanostructures
remains to be fully elucidated. Specifically, the thermodynamic
and kinetic factors, which govern the self-assembly process, are
not well understood. Nevertheless, some of these structures are
interesting for energy harvesting, where nonradiative transport
of excitons competes with their recombination, providing a
mechanism for energy transfer in a desired direction.
Fluorescence (Förster) resonance energy transfer (FRET) is

an important energy transport mechanism at the nanoscale, first
proposed for molecules more than 60 years ago.14 As far as
semiconductor quantum dots are concerned, this type of energy
transfer was first demonstrated by Kagan et al. in specially
designed films containing two different sizes of QDs acting as
donors and acceptors, respectively.15 They found that energy
transfer of QDs in the solid state arises from dipolar coupling
between proximal QDs and that the luminescence of the
smaller dots is quenched by the large dots, whose emission in
turn is enhanced. Since then, FRET processes in assemblies of
closely spaced QDs have been demonstrated in a number of
studies.9,15−25 These works revealed that FRET between QDs,
as well as in molecular systems, strongly depends on the
interparticle distance, donor and acceptor concentration, the
geometry of the system, and the dielectric environment. For
example, Komarala et al. demonstrated FRET between CdTe
QDs of different sizes, acting as donors and acceptors in the
vicinity of gold nanoparticles.16 They found that the FRET
efficiency crucially depends on the distance between the
monolayer of mixed donors and acceptors QDs and the Au
nanoparticle layer. Although most of these studies used systems
composed of different size QDs or mixtures of QDs with
organic dye molecules, with predistributed roles of donors and
acceptors,17−19,26 it has also been shown that the energy
transfer can proceed within a nominally monodisperse QD
ensemble, directly from the “blue” to the “red” side of the
luminescence band of several tens of meV in width.20,21The
fluorescence lifetime is shorter at the “blue” side where QDs act
mostly as donors. The time constant of the transfer was found
to be on the order of 1 ns for CdSe QDs.20 The decrease in the
“blue” emission lifetime was larger for a higher (acceptor) QD
concentration in the monolayer.21 In a later work, the same
authors studied FRET between donors and acceptors in a QD
bilayer and found that energy migration within the donor layer
(arising from intradonor ensemble FRET) has an impact on the
donor−acceptor transfer.22 Recently, it was demonstrated that
the Förster radius, a signature of the energy transfer efficiency
between QDs, can reach some 14−22 nm, i.e., values much
higher than those usually quoted for molecular systems.23

These results indicate that FRET processes can involve many
exciton hops between QDs before they finally recombine,
giving rise to nonradiative energy transport fluxes in QD
assemblies. Although normally the exciton energy is conserved
during the hops,14 one can also expect down- or up-conversion
processes accompanied by the absorption or emission of an

optical phonon coupled to the QD exciton.27 These processes
become particularly intriguing if the emitting and absorbing
entities are arranged into structures of a nontrivial geometry,
such as fractals.28 In particular, it has been suggested that a
directed transfer from the periphery to the core can take place
in QD dendrite structures.9,25 This idea inspired the
experimental and theoretical investigation reported in the
present article.
CdSe/ZnS and CdTe QDs were synthesized in reverse

micelles and aqueous solution, respectively, based on standard
wet chemistry methods.29,30 Thioglycolic acid was used to
passivate the surface dangling bonds, thereby improving
stability and surface functionality of the synthesized nano-
particles. As only the surface shell was altered by this procedure,
the absorption and emission spectra remain largely unaffected.1

These QDs were used to fabricate dendrite-type fractal
structures, which are formed spontaneously during incubation
and evaporation of the solvent. However, the morphology of
these structures formed from either CdSe/ZnS or CdTe
nanoparticles is distinctively different. The structures, of a
certain fractal dimension, were studied using the microscopic
fluorescence intensity and lifetime mapping. The energy
transfer between QDs has been modeled using master
equations for the exciton “occupation probabilities”, with the
transition rates decaying with the distance as (RF/r)

6, where RF
is the Förster radius.14,31 The modeling results show that the
anisotropic energy transfer can indeed take place in fractal
assemblies of monodisperse nanoparticles if the Förster radius
is sufficiently large. It can lead to excitation energy funneling
into the central part of the fractal structure. We do find
indications of this effect in our experimental data (fluorescence
lifetime maps), specifically for CdTe QD dendrites.

2. EXPERIMENTAL SECTION
2.1. Materials. Selenium powder (99.5%) was obtained

from ACROS. Cadmium nitrate tetrahydrate (98%), sodium
sulfide (98%), sodium bis(2-ethylhexyl)sulfosuccinate (AOT,
99%), hydrazine, 25% (w/w) sodium methoxide solution in
methanol, zinc nitrate hexahydrate (98%), thiourea (99%), and
thioglycolic acid (98%) were all acquired from Sigma-Aldrich.
Aluminum telluride was purchased from Cerac Inc. All
chemicals were used without further purification and treatment.
Deionized water was used in all experiments. Aminoalkylsilane
and polylysine microscope slides were purchased from Sigma-
Aldrich.

2.2. Synthesis of CdSe, CdSe/ZnS, and CdTe. The
synthesis of CdSe remained essentially the same as reported
previously.29 The concentration of AOT in cyclohexane was
adjusted to 0.15 M as well the solvent (DMSO) to prepare the
polyselenide solution used as precursor.
CdSe/ZnS nanoparticles were prepared as follows: 13 μL of

aqueous solution of zinc nitrate hexahydrate (0.2 M) and the
same volume of aqueous thiourea solution (0.2 M) were added
to 2 mL of AOT in cyclohexane in different flasks; both
solutions were subjected to vortexing. Afterward, the resulting
microemulsion containing zinc nitrate hexahydrate was added,
drop by drop, to an already-prepared solution of CdSe in
AOT/cyclohexane (2 mL), synthesized under the conditions
described above, followed by the addition of 2 mL of the
microemulsion containing thiourea, under strong stirring. The
solution was sealed and heated during 2 h at 70 °C. After
completing the CdSe/ZnS synthesis process, nanocrystals were
washed twice with methanol and cyclohexane. Subsequently,
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the AOT was exchanged by a thiol containing compound
(TGA). QDs were precipitated out by centrifugation at 9000
rpm, washed with methanol, and subsequently dried under
nitrogen. CdTe QDs stabilized with TGA were synthesized in
an aqueous solution according to the procedure described by
Byrne et al.30

2.3. Spectroscopic Measurements. Absorption spectra of
the QDs solutions were recorded using a Shimadzu UV-
3101PC UV−vis−NIR spectrophotometer. The photolumines-
cence (PL) spectra were taken with a Fluorolog 3 fluorescence
spectrometer with an excitation wavelength of 360 nm provided
by a xenon lamp. All the optical measurements were performed
under ambient conditions. The PL spectra were corrected, and
the quantum yields (QYs) were determined using Rhodamine
B in ethanol (QY = 70%) as a reference.32

The time-resolved fluorescence decay measurements were
done using time-correlated single photon counting (TCSPC).
In this setup, the samples were excited using the direct output
at 800 nm of a femtosecond Coherent Mira titanium−sapphire
laser (two-photon absorption) or its frequency-doubled output
at 400 nm (one-photon absorption) and the fluorescence
collected at 90° from the incident beam.
The detection wavelength range was selected by a small

double monochromator (Spectral Products CM110 1/8m
Czerny-Turner). A polarizer set to the magic angle
compensated for rotational depolarization, and a λ/2
achromatic wave plate was used to rotate the polarization to
maximize the signal transmitted by the monochromator. A
multichannel plate (MCP) photon counting photomultiplier
(Hamamatsu R3809U-51) served as the photon detector.
Subsequently, the data were collected using a Becker & Hickl
SPC-150 photon counting computer board. The overall time
resolution of the setup was 20 ps.
2.4. Preparation of Self-Assembled Fractal Structures.

The experiments were carried out in aliquots of water solutions
of water-solubilized CdSe/ZnS and CdTe capped dots with
TGA, using different concentrations. Sodium hydroxide was
added to the water solutions in order to control the fraction of
ionization of the QDs. Aliquots of prepared solutions are
applied to microscope slides coated with aminoalkylsilane and
polylysine and with the glass having been previously cleaned by
plasma etching with argon. The experiments were performed
under an ambient atmosphere at room temperature.
2.5. Fluorescence Intensity and Fluorescence Lifetime

Microscopy. The characterization of self-assembled structures
immobilized on substrates was performed employing fluo-
rescence intensity and fluorescence lifetime microscopy.
Fluorescence images were taken with a Leica DM4000 B
microscope with a digital color camera Leica DFC310 FX.
Fluorescence lifetime mapping was performed using a home-
made Fluorescence lifetime imaging microscope (FLIM) based
on the instrumentation described in 3.2. To prevent distortion
a xy-stage moved the microscopy slide through the excitation
beam, and the light was collected using a 100× Mitutoyo Plan
Infinity-Corrected Long WD Objective. The overall time
resolution of the FLIM setup was 20 ps, and the spacial
resolution was around 0.7 μm. The fluorescence spectra of
individual locations were taken in the same setup by coupling
the emitted light through a glass fiber into a spectrometer
(Shamrock SR-303i) equipped with a CCD camera (Andor
Newton 920).

3. DATA PROCESSING AND MODELING
3.1. Dendrite Morphology. The box-counting algorithm33

was used to calculate the fractal dimension of the planar images
of the self-assembled QD dendrites. After performing digital-
ization of the microscopic images, a grid of box length ε was
applied to the obtained gray scale maps, and the number of
boxes, N(ε), required to cover the entire dendrite was counted.
According to Mandelbrot,33 this number scales with ε as

ε ε∝N( ) D (1)

where D is the fractal (Hausdorff) dimension of the structure. It
follows from eq 1 that D can be determined from a double-
logarithmic plot of N(ε) as

ε ε= −
ε→

D Nlim[ log ( )/log ]
0 (2)

We also determined the autocorrelation function of the
microscopic images, defined by eq S1 in the Supporting
Information, and analyzed its spatial variation.

3.2. Lifetime Determination from Luminescence
Decay Kinetics. The measured fluorescence decay kinetics
are essentially nonexponential, as typical of ensembles of
emitters even if each of them can be characterized by a single
radiative lifetime. Several approaches are possible to analyze
such complex decays.34−36 The simplest one is to use a sum of
exponentials, even though no clear physical meaning usually
can be ascribed to each component. For an ensemble of
emitting particles, one can expect a continuous distribution of
lifetimes and analyze the characteristics of this distribution, f(τ)
(probability density function, PDF).34−36

∫ τ
τ

τ= −
∞

⎜ ⎟
⎛
⎝

⎞
⎠I t I f

t
( ) (0) ( ) exp d

0 (3)

According to the definition (3), the PDF can be obtained from
the normalized decay kinetics, I(t)/I(0), through the inverse
Laplace transformation. It has been shown by Berberan-Santos
et al.35,36 that the statistical moments of the PDF (denoted by
⟨τn⟩) can be related to those of the decay kinetics itself, defined
by

∫
∫

τ ̅ = =

∞

∞

I t t t

I t t
n

( ) d

( ) d
; 1, 2, ...n

n
0

0 (4)

The first moment, τ,̅ is the familiar mean (radiative) lifetime,
and it is given by τ ̅ = ⟨τ2⟩/⟨τ⟩. This lifetime will be presented in
the form of maps obtained from the decay kinetics measured at
different locations within the same structure, thus allowing for
direct comparison of experimental and calculated results.

3.3. Master Equations for Modeling Exciton Trans-
port. Let us assume that a fluorescent particle (an isolated
QD), when excited, emits a single photon with a rate constant
γ, which corresponds to the radiative recombination of the
confined exciton in its ground state (and the inverse of γ is the
unquenched fluorescence lifetime37). We want to calculate the
instantaneous polarization of an ensemble of such particles after
an excitation pulse. The particle is polarized when it contains an
exciton. If the particles do not interact, the related “occupation
probability” of any of them, ni, is simply given by dni/dt = −γni.
By this, we assume that the presence of the other fluorescent
particles does not affect the radiative lifetime of an isolated QD,
which becomes exact in the limit of point-like quantum
emitters. However, in the presence of other quantum absorbers
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in the neighborhood, there is an additional decay channel due
to near-field dipolar interaction, which leads to a depopulation
and a repopulation term in the rate equation.14 This decay
channel shall be characterized by the probability per unit time,
Wi→j(r), and the kinetic equation becomes as follows:

∑ ∑γ+ = − − + −
≠

→
≠

→n t n W n n W n nd /d (1 ) (1 )i i
j i

i j i j
j i

j i j i

(5)

Two terms on the right-hand side of eq 5 describe the forward
and backward transfer processes. If the energy is conserved in
the transfer process, we have Wi→j = Wj→i and the nonlinear
terms cancel. We thus end up with a system of linear differential
equations for the occupation numbers, which can be written in
a compact form:

Γ= ·tP Pd /d (6)

where P(t) is an N-component vector of the occupation
numbers and the matrix Γ is defined by

∑γ δ δΓ = − + + −
≠

→ →W W( ) (1 )
k i

i k ij j i ij
(7)

where δij is Kronecker’s symbol. Even though eq 5 may look
quite simple, its solution for an arbitrary distribution of particles
in space is cumbersome.31 The usual simplification is to neglect
the backward transfer (the second term in eq 7). Then,
assuming further that the acceptors are uniformly distributed in
space, an analytical solution of (6) is possible,38 leading to the
so-called stretched exponential decay of the average population
of excited particles, P(t) ≡ ⟨P(t)⟩ (where the angular brackets
mean average over the distribution of acceptors)

γ γ∝ − −P t t C t( ) exp[ ( ) ]D/6
(8)

where C is a constant and D is the dimension of the system.
Although eq 7 was originally derived for a dilute two-
dimensional system,38 it has been extended to fractals, in the
so-called Förster limit (low donor/high acceptor concen-
tration).39,40 According to Pines et al.,39 back-transfer between
donors diminishes the prefactor C by a factor of 2(1−D/6).
Relation 8 gives insight into the understanding the fluorescence
decay kinetics affected by the energy transfer processes, at least,
at short times after the excitation pulse, before exciton
migration between donors becomes important.

However, in order to describe our experiments, we shall
require the population of excited particles averaged locally,
within the fluorescence collection window. Therefore, we
cannot directly use eq 8 and shall not neglect backward transfer.
We shall assume that the particles forming our QD dendrite are
some identical light absorbing and emitting entities (i.e., donors
and acceptors at the same time), which are coupled by reversible
Förster-type energy transfer processes, with the probability per
unit time given by Förster14

γ=→W r R r( ) ( / )i j F
6

(9)

where the indices i and j refer to any two of the particles, RF is
the Förster radius, and r is the interparticle distance. The
exponent in eq 9 corresponds to the dipole−dipole interaction
between the particles. The Förster radius is just the distance
between the donor and acceptor at which the QD exciton
recombination and nonradiative transfer probabilities are equal.
It can be calculated quantum mechanically,41,42 but here we will
treat it as a phenomenological parameter. Qualitatively, it is
determined by the overlap of the emission and absorption
spectra of the donor and acceptor, respectively. Note that it is
convenient to measure time in units of γ−1; then RF is the only
parameter in eqs 8 and 9.
In order to solve eq 6, we express P(t) in terms of the

eigenvalues and eigenvectors of the matrix Γ (denoted by {λi}
and {pi}, respectively):

∑ λ=
=

t A tP p( ) exp( )
i N

i i i
1, (10)

The coefficients Ai can be obtained from the initial conditions,
P(t=0) = P0 (where P0 represents the particles excited by the
laser pulse), by inverting the matrix Γ, i.e., A = Γ−1·P0.
For numerical experiments, we generated fractal aggregates

of particles that mimic the experimentally studied dendrites
with the dimensionality D ≈ 1.7−1.8, which is close to the
value known for clusters obtained by so-called diffusion-limited
aggregation (DLA).43 Then, for a given DLA fractal distribution
of QDs, the master equations were solved as described above,
yielding the population of excited particles P(t), which was
summed over the particles within the fluorescence collection
window considered as a circle of a certain radius, P(t) =
∑′ni(t). By moving the center of the collection circle over the
structure, we obtained maps of fluorescence decay kinetics that

Figure 1. PL and UV−vis absorption spectra of as-prepared (a) CdSe/ZnS and (b) CdTe quantum dots capped with thioglycolic acid dissolved in
water.
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were analyzed in the same way as experimental ones, as
explained in section 3.2.

4. RESULTS AND DISCUSSION
4.1. Absorption and Emission of QDs in Solution.

Figures 1a and 1b show the absorption and photoluminescence
spectra of as-prepared CdSe/ZnS core/shell nanoparticles and
CdTe QDs, respectively. From Figure 1a, a strong band in the
UV range with a long tail ranging into the visible with several
maxima can be seen. The most red-shifted is centered around
520 nm and is related to the size of the quantum dot. The
width is due to the size distribution and differences in
morphologies of the QDs. The resulting CdSe/ZnS PL
emission peak has a full width at half-maximum (fwhm) of
39 nm and is centered around 541 nm. CdSe QDs were capped
with ZnS, which decreases their vulnerability to impurities and
lattice defects. The addition of ZnS shell also improved the
fluorescence quantum yield due to the better passivation of the
surface. The inorganic shell was grown over the core (CdSe),
covering up dangling bonds on the core surface. After synthesis,
CdSe/ZnS was precipitated followed by solubilization in water
and QY of 1% was achieved.
For CdTe dots (Figure 1b) the absorption band related to

the lowest confined exciton state is centered at 515 nm, the
emission peak is centered at 538 nm, and the QY calculated
from CdTe QDs water solution is 13%. The PL band fwhm is
about 38 nm, which indicates that the particles are slightly more

uniform in size compared to CdSe/ZnS. Using an empirical
relationship between the absorption wavelength of the first
excitonic absorption peak and the quantum dot size,44 a
diameter of 2.39 nm for the CdSe core and 2.71 nm for the
CdTe particles size were estimated. The value for the CdSe
core is probably an overestimate as the absorption and emission
peaks of CdSe/ZnS can be slightly red-shifted from the
corresponding plain CdSe QDs.45 Assuming a 3 ML (molecular
layer) ZnS shell, an additional 1 nm is expected for the particle
diameter.45 Thus, the size of the CdSe/ZnS core/shell QDs is
expected to be slightly bigger than that of CdTe.
Figure 2a shows the fluorescence decay in water for CdSe/

ZnS and CdTe NCs, both capped with TGA, and Figure 2b
presents the decay kinetics with a multiexponential fit.36

We notice that in both materials the decay is not
monoexponential already in the dilute solution environment.
Moreover, the fluorescence decay rate for CdSe/ZnS NCs
strongly depends on the probing (i.e., emission) wavelength as
illustrated in Figure S2a of the Supporting Information. This
implies that even for isolated QDs the PL kinetics are
characterized by a distribution of decay rates, which may
represent several different physical mechanisms including
relaxation of carriers, influence of surface states, etc.34 However,
as this distribution is not very broad, we do not expect that it
will impede the observation of the kinetic effects introduced by
the FRET processes when these dots are arranged into self-
assembled compact structures.

Figure 2. Decay curves of (a) CdSe/ZnS and (b) CdTe quantum dots, with a (multiexponential) fit shown in (b), used to calculate the statistical
moments as defined by eq 4.

Figure 3. Examples of dendrite-type fractal structure made of (a) CdSe/ZnS and (b) CdTe capped with thioglycolic acid self-assembled on glass
coated with polylysine.
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4.2. Self-Assembled Fractal Structures. CdSe/ZnS and
CdTe dots capped with TGA were prepared according to the
procedure described above and applied to microscope slides
coated with different substrates. Saturation was achieved by
gradually evaporating solvents in an ambient atmosphere.
Under these experimental conditions, the solvent evaporation
should be slower than the structure formation. They should
remain relatively stable, since their growth rate might be higher
than that of solvent evaporation. In other experiments
performed at 50 °C the solvent evaporation rate was
significantly increased which precluded the formation of
structures, since generally slow growth is crucial to obtain
highly ordered structures.
These results show that CdSe/ZnS and CdTe capped dots, at

relatively low concentrations, formed dendrite-type structures
that were considerably different in terms of morphology (see
Figure 3). Highly organized and symmetric dendrites were
observed using CdSe/ZnS, in contrast to those obtained with
CdTe dots. Moreover, polylysine seems to be the best
hydrophilic substrate to fabricate self-ordering dendrite-type
structures, with droplets of colloidal suspension drying on their
polar surface.
The fractal dimension (D) of prepared self-assembled

structures was determined as described in section 3.1. The
values obtained for CdSe/ZnS and CdTe were 1.74 and 1.68,
respectively. The characteristic size of the CdSe/ZnS structure
(shown in Figure 3a) is 32.0 ±1.2 μm, and that of the CdTe
dendrite (Figure 3b) is 49.6 ± 1.6 μm. Although the values of D
are similar for both fractals, the shape looks rather different.
The difference can be related to the different physicochemical
properties of two types of nanocrystals used for the preparation
of self-assembled structures and to the solvent evaporation rate,
which is different for the two preparation routes, owing to the
different surface tension induced by both QDs solutions spread
on the substrate surface.
4.3. Fluorescence Intensity and Fluorescence Lifetime

Microscopy of Self-Assembled Fractal Structures. The
optical properties of self-assembled fractal structures formed
from CdSe/ZnS and CdTe QDs have been investigated by
fluorescence intensity and fluorescence lifetime imaging
microscopy.
Figure 4 illustrates the spatial distributions of the

fluorescence lifetime for CdSe/ZnS and CdTe QD structures.
It was observed that the former exhibits an almost
homogeneous decay time throughout the structure, with a
slightly longer lifetime in the outer parts of the dendritic
structure. Contrary to this, the structure formed by CdTe
shows a considerable variation across the structure, with a faster
decay in the edges compared to the center of the superstructure
(see Figure 5). This observation is in agreement with the results
of our numerical simulations assuming energy transfer by
dipolar near-field coupling between the individual QDs within a
dendrite, presented in the next section. It can be shown that the
decay time distributions depend on the Förster radius, and the
exciton transfer effect is stronger in CdTe compared to CdSe/
ZnS structures. The higher quantum yield of CdTe QDs
(compared to CdSe/ZnS nanoparticles) increases the interdot
coupling strength and, consequently, the Förster radius (RF ∝
QY1/6).14,46

While Figures 4c,d show as an example the decay time
distribution patterns recorded at 540 nm, the data for other
probing wavelengths for the same structure are qualitatively
similar. However, analogous to the dependence of fluorescence

lifetime on the probing wavelength in solution (see Figure 2a),
there is a similar dependence observed in the superstructures
with a shorter lifetime corresponding to a shorter emission
wavelength and a longer lifetime corresponding to a longer
wavelength. Furthermore, the spread of decay times in absolute
value as well as in percentage was smaller in the blue-shifted
emission case which is correlated to the faster decay.
To exclude a possible inhomogeneity of the average

nanocrystal size between the center and the outskirts of the
structure as a possible reason for the observed decay time
variation, selected spots in the superstructure were probed with
fluorescence spectroscopy. As the emission wavelength strongly
depends on the particle size, this should give the indication of
an inhomogeneous average particle size distribution within the
nanostructure. Figure 5 shows the location of individual
probing spots in different structural elements of the structure.
The spectral shift from the edges to the center is below 1 nm,
and the spectra have all the same width. Thus, there is no
variation of QDs size within the superstructure. We also
checked another issue related to the spatial distribution of the
decay rate PDF. The normalized amplitude of the dominant
decay component obtained by the fitting (i.e., the PDF
maximum value) was found quite uniform throughout the
whole structure, for both CdSe/ZnS and CdTe dots (see
Supporting Information). It means that the radiative properties
of the dots themselves do no not vary along the structure Thus,
all our experiments indicate nonradiative energy transfer as a
result of exciton migration between individual quantum dots,
mediated by their electromagnetic coupling. The effect was
found stronger for CdTe compared to CdSe/ZnS structures,
scaling with their radiative QY. All the experimental findings are
supported by the results of modeling using master equations for
exciton occupation and migration probabilities.

4.4. Energy Transfer Modeling Results. Using the
formalism described in section 3.3, we performed the modeling

Figure 4. FLIM images of four representative superstructures obtained
from CdSe/ZnS (a, b) and CdTe (c, d) QDs capped with thioglycolic
acid, deposited on glass coated with polylysine. The emission
wavelength is 545 nm for CdSe/ZnS and 540 nm in the CdTe
structure. For CdTe dots, the spread of lifetimes is between 10 and 16
ns in the images. Each image has an independent color scale ranging
from low (blue) to high lifetime values (red).
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of the energy transfer in a computer-generated planar fractal
structure that has been excited locally, within a spot of size RC

(measured in units of QD radius for convenience as well as the
Förster radius). The same spot was considered as the
fluorescence collection window. The kinetics shown in Figure
6 correspond to the emission within the collection window,
proportional to the excitation at a time t, i.e., P(t) = ∑′ni(t).

First, let us note that the size of the collection window is
important for the decay kinetics. When it is so large that the
window includes the whole structure, the decay is simply
exponential because all the transfer processes compensate each
other (the case of RC/R = 100). As the collection window
includes only part of the structure, deviations from the simple
exponential kinetics appear, since the Förster radius is
sufficiently large to make transfer processes important. For
RC/R = 20 we observe a clear difference between the kinetics
“measured” with the collection window located at the center or
in the outskirts of the structure (Figure 6). This difference is
clearly seen from the histograms of the PDF moments. The
decay for RC/R = 20 (center) corresponds to a broader PDF
than for the edge.a It means that the former is more affected by

the transfer processes because the QD density is higher in the
core region. At the same time, the mean lifetime (τ)̅ given by
the ratio of the first two PDF moments is longer in the center of
the fractal structure, in agreement with our experimental
findings. The reason is the reversibility of the interdot transfer
processes.
Simulated mean lifetime maps are presented in Figure 7.

There is a clear difference between the cases of small (RF/R =
1) and large (RF/R = 5) Förster radius (note that for RF/R = 0
the spatial distribution of the lifetime is completely uniform).
As can be seen from Figure 7, in the case of RF/R = 5 the
lifetime is longer in the center of the structure. QDs located
there have a smaller number of possible addresses for energy
transfer than those in the periphery. For small Förster radius
(RF/R = 1) we can notice that a similar effect takes place at a
smaller spatial scale, there are spots of longer lifetime located in
some branches in the periphery. This can be understood by
remembering that fractals are self-similar objects; i.e., the same
properties can be revealed at different length scales. We would
like to point out that the difference in the lifetime between the
center and outskirts of the dendrite structure, seen in the
calculated map for RF/R = 5 (Figure 7a) and observed in our
experiments, is not just a density effect. Fluorescence intensity
maps (presented in Supporting Information) look very similar
for any value of the Förster radius, with stronger emission in the
center, which is accounted by the higher QD density in the
dendrite core.

5. CONCLUSION

We have shown that CdSe/ZnS and CdTe nanoparticles
synthesized by standard wet chemistry methods can be
assembled into fluorescent dendrites and have investigated
their time-resolved emission and exciton energy transfer
properties. We found that the physicochemical properties of
the nanoparticles as well as the substrate influence the shape of
the self-assembled superstructures, even though their fractal
dimensions can be similar. Along with the quantum yield of the
dots, these factors have a significant impact on the energy
transfer properties of the superstructures. While the importance
of high quantum yield for energy transfer is obvious, the role of
other factors is less clear, and it requires further investigation to
understand why energy transfer is observed only in some cases.
For instance, in a recent work26 it could be only observed when
dendrites were formed from nanoparticles integrated with J-
aggregates but not for structures formed just from QDs of
similar sizes. Nevertheless, we have been able to demonstrate

Figure 5. Average lifetime (first moment of decay kinetics) for a CdTe QD fractal superstructure. The lifetime is color coded according to the scale
in nanoseconds (left); variation of the average lifetime between the selected zones (middle); fluorescence spectra of the selected zones (right).

Figure 6. Calculated kinetics of the excited state population averaged
over different collection areas (its radius in units of R is indicated on
the plot), for RF/R = 5. The inset shows the moments of the lifetime
distribution PDF calculated for two decay kinetics corresponding to
RC/R = 20. The legend includes the radiative lifetimes, the ratio of the
first two moments of the lifetime distribution. The radiative lifetimes
are also shown in Figure 7.

The Journal of Physical Chemistry C Article

dx.doi.org/10.1021/jp411456m | J. Phys. Chem. C 2014, 118, 4982−49904988



that the energy transfer processes do take place among
nominally monosize CdSe and CdTe dots, in accordance
with previous observations,22,23 and can lead to important
consequences predicted by our “minimal model” considering
identical QDs assembled into DLA fractal clusters. By means of
our model calculations based on master equations, we found
that for a small Förster radius no significant energy transfer
within the superstructure takes place, and the exciton transport
is limited to some spots in the edges of the dendrite. However,
for a sufficiently large RF the excitons are clearly funneled into
the (denser) core of the structure; i.e., the energy transfer is
directed from the edges toward to the center. This effect is due
to the reversibility of the Förster transfer processes between
QDs of (approximately) equal size, leading to the anisotropy of
the exciton fluxes in a structure with space-dependent density.
The theoretical results are in line with the experimental findings
comparing a system with a small Förster radius (CdSe) and a
large Förster radius (CdTe) by mapping the fluorescence decay
throughout the fractal dendrite shaped structures. In view of
these experimental and theoretical results, self-assembled
dendrite structures prepared from nominally monosize QDs
are potentially interesting for light harvesting and spatially
concentrated light emission or even for solid state cooling if
interdot transfer processes are accompanied by an energy
upconversion due to the participation of phonons.47
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■ ADDITIONAL NOTE
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and its moments plotted as γn⟨τn⟩ are all equal to unity. For a
uniform distribution, γn⟨τn⟩ ∝ 1/n.
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