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CH. 4

4
Optoelectronic Properties of
Quantum Dot Supercrystals
Life is not easy for any of us. But what of that? We must have perseverance and above all confidence in ourselves. We must believe that we
are gifted for something, and that this thing, at whatever cost, must be
attained.
— Marie Skłodowska Curie

The use of quantum dots, QDs, in optoelectronic devices holds great promise towards the development of novel optoelectronic devices. These colloidal nanoparticles
benefit from inexpensive synthetic and device fabrication techniques, such as roll-toroll processing, that greatly decrease the device cost compared to traditional epitaxial
and lithographic methods. Furthermore, the unique photophysics of QDs can enable
solar cells with efficiencies beyond the Shockley-Queisser limit and photodetectors.
However, the efficiency of these devices essentially relies on the light absorption properties of QDs. As dielectric nanoparticles with sizes much smaller than the wavelength
of light, QDs intrinsically feature low absorption cross sections. Increasing this figure
of merit is therefore desirable to enable new applications. Here, we demonstrate a
general approach to increase the absorption efficiency of QDs. In the previous chapter, we have shown how to drive the assembly of QDs into close-packed, spherical
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superstructures exhibiting face-centered cubic order, QD supercrystals. By combining electron microscopy, absorption and scattering measurements of single supercrystals with optical simulations, we show that these supercrystals exhibit Mie resonances
both in scattering and absorption. This photonic behavior leads to absorption efficiencies of QD supercrystals greater than unity in the visible regime and for a wide
range of diameters. Finally, we investigate QD coupling in supercrystals via ultrafast
spectroscopy, finding that QD supercrystals feature a transition from bound to free
biexciton as the interparticle distance decreases.
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4.1. Introduction

Introduction

Semiconductor nanocrystals, quantum dots (QDs), are ideal candidates for use
in optoelectronic devices. The colloidal nature of QDs is compatible with inexpensive room-temperature solution processing, opening to upscaling of device production
through roll-to-roll technologies. Furthermore, the unique photophysics of QDs holds
great promise in decreasing thermalization losses in solar cells by harvesting hot carriers, therefore raising the theoretical power conversion efficiency limit from 33 to
66%. [96, 97] Finally, through quantum confinement, QDs feature a size-dependent
optical bandgap, enabling the fabrication of photodetectors of high spectral sensitivity from the infrared to the ultraviolet. [70] The nanometric size of quantum dots
favors these advances through material properties directly deriving from quantum confinement; however, the small sizes of QDs may actually represent a limitation to the
efficiency of solar cells and photodetectors. In fact, the working principles of these devices intrinsically rely on the probability of light absorption. This probability is often
described by the absorption cross section, Cabs . The efficiency of light absorption can
then be defined as the ratio of absorption and geometric cross sections, Cabs /Cgeo .
Physically, this means that if a uniform beam of light impinges on a QD, only the
photons crossing the area fraction Cabs /Cgeo will be absorbed. This argument naturally motivates the use of materials with high absorption cross sections to maximize
the absorption efficiency. Unfortunately, as sub-wavelength dielectric nanoparticles,
single QDs feature low absorption cross sections: for instance, a CdSe QD of diameter σ = 6nm features an absorption efficiency of Cabs /Cgeo ≈ 0.02 at an excitation
wavelength of λ = 400nm. [98] Increasing the absorption efficiency of QDs would
enable a whole new range of QD-based applications, such as QD-monolayer solar
cells and photodetectors with single-photon sensitivity. Nevertheless, maximizing the
absorption efficiency would be of no use if charges cannot be efficiently extracted.
In fact, another drawback of QDs is the confined nature of the exciton, making the
generation of free carriers a challenge. [99]
In this work, we develop a general approach to increase the absorption efficiency
of semiconductor nanocrystals. We use the droplet-templated assembly presented in
the last chapter to fabricate spherical superstructures composed of ordered QDs, or
supercrystals. We show that these supercrystals feature Mie-type optical resonances
tunable with supercrystal size. We investigate these resonances with dark-field spectroscopy, and we model in detail the photonic response of the system through Mie
theory. Our results show that QD supercrystals can reach an absorption cross section
greater than unity in a wide spectral range in the visible and for a wide distribution of
supercrystal sizes. Furthermore, to increase the efficiency of charge extraction in these
supercrystals, we decrease the interdot distance by performing a ligand-exchange reaction that does not disrupt the morphology of the crystals. By using ultrafast transient
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Chapter 4. Optoelectronic Properties of Quantum Dot Supercrystals
absorption spectroscopy, we demonstrate that the biexciton transits from a bound to a
free state as a consequence of the increased interdot coupling. These results pave the
way to a new range of optoelectronic devices featuring intrinsically photonically and
electronically coupled QD solids.

CH. 4

4.2

Experimental details

We synthesize CdSe QDs by following a published method. [62] Small-angle Xray scattering (SAXS) reveals a narrow QD size distribution, with a mean diameter
of σQD = 5.5nm and polydispersity of 7% (Figure 4.1a). We drive the assembly of
QDs by using a droplet-mediated approach, as described in the previous chapter; [79]
this technique imposes exceptionally slow rates of solvent evaporation, allowing QDs
to reach their minimum free energy configuration by assembling into supercrystals
featuring face-centered cubic ordering. [100, 101] Furthermore, the supercrystals retain the spherical morphology of the droplets. Direct imaging by electron microscopy
reveals supercrystal quality close to single-crystal, as confirmed by the appearance of
spots in the fast-Fourier transform (Figure 4.1c,d). The observation of sharp diffraction peaks in the SAXS pattern confirms this view, yielding an average crystalline
domain size of ∼ 300nm (Figure 4.1b).

4.3

Results and discussion

The interaction of light with a dielectric sphere is described by Mie theory. The
solution of Maxwell’s equations for a plane wave of wavelength λ impinging on a dielectric sphere of diameter σ and refractive index n predicts the development of optical
resonances characterized by strong local electromagnetic fields when σ ∼ λ/n. [104]
These resonances are known in the literature as Mie modes and can result in a sizedependent enhancement in absorption and scattering efficiencies. We can estimate
these enhancements by measuring the absorption and scattering spectra of individual
structures, and comparing them to theory to evaluate the cross sections. However,
while experimentally probing the absorption efficiency of individual nanostructures
represents a modern challenge, [105, 106] estimating their scattering efficiency is a
more amenable task. By using a dark-field setup we can selectively collect the light
scattered by individual QD supercrystals, see schematic shown in Figure 4.2. Using a beam splitter, the collected scattered light can be simultaneously detected by a
first CCD, allowing imaging, and after diffraction by a spectrophotometer, by a second
CCD, allowing the measurement of scattering spectra. Figure 4.3a shows the scattered
light spectra from individual QD supercrystals of various sizes, while panel c shows
the corresponding real-color dark-field images. As the supercrystal size increases, the
spectra grow in intensity and develop an increasing number of peaks. Furthermore,
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Figure 4.1: Structure and morphology of QD supercrystals. (a) Azimuthally averaged SAXS pattern of a dispersion of CdSe QDs used as building blocks for supercrystals. (b) Structure factor of QD supercrystals extracted from the SAXS pattern of
a dispersion of QD supercrystals. (c) Transmission electron micrograph of a single
QD supercrystal. Scale bar indicates 50nm. (d) Transmission electron micrograph of
a detail of a supercrystal near the surface. Scale bar indicates 10nm.

the intensity of all scattering spectra shows a strong increase for λ > 620nm, with
a local minimum corresponding to the first exciton peak of the CdSe QDs constituting the supercrystals. These observations can be rationalized: Larger supercrystals
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Figure 4.2: Simplified dark-field setup schematic. (Top) Schematics of setup’s
geometry. An incident beam of white light impinges at an angle θi on the QD supercrystals deposited on a silicon substrate. The collection angle θc < θi purposely
misses the reflected beam to allow for a dark-field measurement. (Bottom) Reresentative SEM micrographs of a QD supercrystal at intermediate (left) and high (right)
magnifications.

can support a larger number of electromagnetic multipole modes, therefore explaining
the overall increase of scattered light intensity with size. Moreover, while above the
bandgap light can interact with the supercrystals through both absorption and scattering, below the bandgap only scattering modes can be excited. Therefore, the local
maximum in absorption relative to the first exciton peak must correspond to a local
minimum in scattering. To gain further insight on these experimental results, we use
Mie theory to simulate the scattering cross section of QD supercrystals; [107, 108]
we model the supercrystals as dielectric spheres with sizes matching the real size de-
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Figure 4.3: Experimental scattering spectra and simulated scattering cross sections of individual QD supercrystals. (a) Dark-field scattering spectra of individual
QD supercrystals of various sizes (colored full lines, corresponding diameter indicated). The spectra were collected from supercrystals deposited on a lithographically
checkerboard-patterned silicon substrate to allow accurate supercrystal sizing in the
electron microscope. For reference, the imaginary part of the refractive index of dispersed QDs is shown (black dotted line). (b) Simulated scattering cross section of
individual QD supercrystals of sizes matching panel a. To reproduce the embedding
medium (air and silicon), we averaged the simulated spectra in air and in silicon. [102]
For reference, the imaginary part of the refractive index of QDs assembled in a closepacked film is shown. [103] (c) Dark-field images of the QD supercrystals investigated
in panel a. The light sent to the spectrophotometer is collected only from the solid angle subtended by a section of about 10µm at the center of the image.

termined by electron microscopy, and with the refractive index of close-packed CdSe
QDs of identical size and surface passivation as those employed here. [103] The simulated results are shown in Figure 4.3b. The simulated curves reproduce well the
main features of the experimental spectra: The increase in intensity and number of
peaks with size, the intensity increase below bandgap and even the local minimum at
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Figure 4.4: Effects of inhomogeneities in aspect ratio on the scattering cross section of individual QD supercrystals. As the aspect ratio of the sphere deviates by
more than 1% from 1, the sharpest features of the scattering spectra disappear. We
therefore conclude that we do not observe these peaks experimentally due to the supercrystals being slightly prolate. Supercrystal mean diameter: σ = 2187nm.

λ > 620nm. This confirms that QD supercrystals indeed behave as dielectric spheres
for what concerns their scattering behaviour. By taking a closer look at the largest
size of supercrystals, we notice the appearance of sharper peaks that we do not experimentally observe. However, these peaks quickly disappear as the aspect ratio of
the sphere deviates by more than 1% from 1, which we consider in line with the supercrystals produced here (Figure 4.4). At the same time, the position and periodicity
of the broader peaks, indicated by asterisks, are well reproduced in the experimental results (Figure 4.3a-b). Once established that QD supercrystals effectively behave as dielectric spheres of refractive index comparable to that of close-packed QD
films, we can go a step further and estimate the absorption efficiency through Mie
theory: The results are shown in Figure 4.5a. Below the bandgap, λ > 620nm, the
absorption efficiency drops to zero as the imaginary part of the refractive index, k,
vanishes. Instead, above bandgap, the absorption efficiency quickly increases and is
modulated by the wavelength dependence of k: The position of the first exciton peak,
λ = 620nm, represents a local maximum in the absorption efficiency map. This
should be compared to the observation of a local minimum in the same spectral position in the scattering spectra: As k increases, the absorption modes become dominant
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Figure 4.5: Absorption cross section enhancement in QD supercrystals simulated
through Mie theory. (a) Map of the absorption efficiency of CdSe QD supercrystals as a function of excitation wavelength, λ, and diameter of supercrystals, σ. (b)
Spectral cuts of absorption efficiency for various excitation wavelengths in the visible range. The inset shows that for σ  λ/n we retrieve the Rayleigh behavior,
Cabs /Cgeo ∼ σ. [107] (c) Near-field enhancement of the electric field intensity in
proximity of the supercrystal. The electric field E0 of the impinging plane wave is
polarized along the x-axis; here we plot the intensity ratio between the scattered and
the incoming fields |Ex |2 /|E0 |2 . (d) Normalized simulated absorption efficiency of
supercrystals of indicated diameters matching (c), red lines, compared to the case of
dispersed QDs, black lines.
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Figure 4.6: Size-fractionation of QD supercrystals. (Top left) A dispersion of polydisperse QD supercrystals in 6g/L sodium dodecyl sulfate, SDS, in water is gently
layered on a 1 : 1v/v mixture of water and glycerol, 6g/L SDS. Under the effect
of gravity, the polydisperse supercrystals separate according to size. The fractions
were collected after 1 hour of fractionation by gently removing 1mL of dispersion per
fraction from the top of the mixture. The excess glycerol was removed by 3 cycles
of centrifugation and redispersion in 6g/L SDS in water. (Right) SEM micrographs
of fractions of increasing average size of QD supercrystals. (Bottom left) Average
hydrodynamic diameter, σH , measured with dynamic light scattering (DLS) on the
collected fractions. The average size of supercrystals increases with fraction number until saturation. The saturation is likely due to the dominance of sedimentation
over diffusion of the largest supercrystals whose size cannot therefore be estimated by
using DLS.
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Figure 4.7: Absorption spectra of size-fractionated QD supercrystals. Details
of the fractionation process are reported in Figure 4.6.The absorption spectrum of
dispersed QDs is also reported for reference (dotted black line).

over the scattering modes, resulting in a maximum in the absorption and a minimum
in the scattering efficiencies. Interestingly, even above the bandgap, the absorption
efficiency can decrease to low values if the supercrystal volume is too small to support
Mie modes: σ = 74nm corresponds to Cabs /Cgeo ∼ 0.1 at λ = 400nm. Instead, as
the volume increases, so does the absorption efficiency. To investigate this behavior
in detail, we show spectral cuts of the absorption efficiency map in Figure 4.5b. In
the limit of supercrystal sizes small respect to the wavelength, σ  λ/n, we recover
the Rayleigh behavior and the absorption efficiency scales linearly with supercrystal
size: Cabs /Cgeo ∼ σ. [107] Beyond this regime, given a fixed wavelength above the
bandgap, the absorption efficiency sharply increases with the supercrystal diameter
and reaches a maximum. Importantly, for a wide spectral region, λ < 550nm, and
a wide range of supercrystal diameter, σ > 350nm, this maximum in absorption efficiency reaches values well above unity and up to Cabs /Cgeo = 1.25 for a diameter
σm = 550nm and λ = 400nm. From a physical point of view, this means that QD
supercrystals act as light funnels, absorbing light from an area up to 125% their geometric cross section. However, when increasing the supercrystal diameter further, the
absorption efficiency decreases. We probe the reason for this decrease by depicting the
intensity distribution of the electric field within and in proximity of QD supercrystals
of various sizes for λ = 400nm in Figure 4.5c. [107, 108] The smallest supercrystal
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Figure 4.8: Schematic of the experimental setup of transient absorption ultrafast
spectroscopy. The ultrafast 800nm pulses generated by a Ti:sapphire laser are split
by a 80% − 20% beamsplitter. The high power beam is doubled in frequency by using
a BBO crystal and used to pump the sample. The low power beam is used to generate
the white light probe beam. The dispersion of supercrystals is continously flowed
through a microfluidic cell to avoid irradiation-induced sample damage.

sizes show an electric dipole oriented along the same axis as the polarization of the
incident plane wave. As the supercrystal diameter increases, the overall intensity of
the electric field increases as well while spreading to most of the supercrystal volume.
When the supercrystal size increases beyond σm , the electric field intensity around the
center of the supercrystal starts decreasing until most of the intensity is concentrated
in a shell in proximity of the surface of the supercrystal. We attribute this effect to the
optical thickness of supercrystals with diameters larger than σm when exciting above
bandgap, causing light to be either scattered or absorbed in the outer volume of the
supercrystal. This near-field behavior is reflected in the saturation at λ ∼ 400nm
of the absorption cross section of supercrystals with sizes σ > σm , Figure 4.5d. To
compare these simulated results with the experimentally measured absorption spectra,
we separate polydisperse QD supercrystals in six fractions of increasing mean size,
Figure 4.6. Indeed, the experimentally measured absorption spectra of size-separated
QD supercrystals saturate around λ ∼ 400nm, and this saturation behavior becomes
more evident for larger supercrystals, providing a qualitative agreement with simulations, Figure 4.7. The enhancement in absorption cross section due to the photonic
nature of QD supercrystals may be exploited in optoelectronic devices provided the
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interdot coupling is sufficient to allow for long-range efficient charge transport. We
investigate this possibility by transient absorption (TA) ultrafast spectroscopy. The
working principles of this technique are as follows: An ultrafast laser pulse of wavelength λ = 400nm, the pump, excites electrons to the conduction band; after a delay
time ∆t, a white-light pulse of lower power, the probe, impinges on the sample and
is transmitted with intensity I(λ, ∆t). By comparing the sample transmittance of the
probe pulse before and after the pump we can reconstruct the dynamic differential absorbance ∆A(λ, ∆t) = log(Ibef ore (λ)/Iaf ter (λ, ∆t)). If ∆A > 0, then we speak of
photoinduced absorption, PA; instead if ∆A < 0 we speak of photoinduced bleach.
PA features mark transitions that were not available to the pump, while bleach features describe the decrease in probability of a transition. Since the TA signal is often
negative, it is convenient to speak of the negative TA signal, −∆A. A schematic of
the setup is shown in Figure 4.8. The map of the TA signal of a dispersion of CdSe
QDs as a function of wavelength and delay time is shown in Figure 4.9a. The rise
of the bleach signal at λ = 620nm describes the occupation, on ultrafast time scale,
of the first excited state of the electron, 1Se , by intraband relaxation of high energy
charge carriers initially excited by the pump: [110, 111] As the state 1Se gets populated, the probability of exciting an electron to the same state decreases. The spectral
cut shown in Figure 4.9b illustrates that this process takes place in about 2 picoseconds, in line with values reported in literature. [98] Within the first picosecond after
the pump, a PA signal develops at λ = 650nm revealing a new transition (blue feature
on Figure 4.9a). This transition in the literature has been described as the absorption
from exciton to biexciton. [110, 111] The red shift between the biexciton and 1S transition is indicative of an attractive biexciton system with binding energy ∆XX . [110]
The amplitude ratio A/B between PA and bleach features is proportional to the binding energy of the biexciton, Figure 4.9b. [110] Therefore, we exploit the magnitude
of ∆XX as a probe of the coupling between QDs. In Figure 4.9c we show the normalized TA spectra at ∆t = 0.13ps and 2.8ps, from which we calculate the values
of ∆XX indicated in panel d. The binding energy for oleate-capped dispersed QDs
amounts to ∆XX ∼ 7meV . Replacing the long oleate ligands with shorter thioglycolates does not result in a decrease of ∆XX for dispersed QDs. We then investigate
how QD condensation into supercrystals affects the binding energy. First, we isolate the smallest supercrystals with an average size of 130nm, Figure 4.10. Even in
this condensed state, the binding energy of biexcitons is almost unchanged. However,
when considering the ensemble of larger supercrystals, with sizes up to 3µm, the binding energy decreases to ∆XX ∼ 2meV . Surprisingly, after ligand-exchanging these
larger supercrystals, the PA feature vanishes, resulting in a nominally null binding
energy. Importantly, these changes cannot result from electrostatic screening effects
due to the higher dielectric constant of the matrix surrounding a QD: n-hexane and
N-methylformamide, solvents for respectively oleate- and thioglycolate-capped QDs,
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Figure 4.9: Ultrafast dynamics reveal enhanced coupling in QD supercrystals.
(a) Map of the negative TA signal for oleate-capped QDs dispersed in hexane. (b)
Spectral cuts of panel (a) showing the kinetic behavior at λ = 620nm and 650nm.
The inset shows the expected dependence of the amplitude ratio A/B on the biexciton
binding energy, ∆XX , normalized to the half-width at half-maximum (HWHM) of the
1S transition. [109,110] (c) Kinetic cuts of the negative TA signal at ∆t = 0.13ps and
2.8ps for different QD samples described in the text. (d) Values of biexciton binding
energy extracted from the data shown in (c) and the expected values shown in the inset
in (b).

have a difference in dielectric constant of ≈ 180 while still yielding similar values of
∆XX . Instead, we speculate the decrease in binding energy is a consequence of the increase in interdot coupling when transitioning from a QD dispersion to a supercrystal.
Specifically, the disappearance of the absorption transition from exciton to biexciton
may suggest that the high-energy exciton excited by the pump is able to delocalize on
neighboring dots, therefore decreasing the probability of this transition.
When dispersed, the average interdot distance is very large, and therefore the probability of coupling is minimal. On the other hand, face-centered cubic supercrystals
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Figure 4.10: Size-separated SCs with the smallest diameters available. (a) Lowmagnification scanning electron micrograph of size-separated QD supercrystals of the
smallest average size available. These supercrystals were size-separated by centrifuging the dispersion of polydisperse supercrystals at 10000g for 10min. (b) Histogram
of supercrystal diameters. Average diameter: 130nm. (Inset) Close-up of an individual QD supercrystal of ∼ 100nm diameter.

of oleate-capped QDs feature an average interdot distance of ∼ 2nm and 12 nearest neighbors, [100] increasing the probability of coupling events. The decrease in
interdot distance due to ligand-exchange enhances the coupling probability even further, effectively yielding a free biexciton system. Then, why do the values of ∆XX
differ between small and large supercrystals? Direct imaging of the small supercrystals reveals that these are mostly amorphous in nature, probably as a consequence of
the faster assembly kinetics due to the higher evaporation rates of the smaller parent
droplets, Figure 4.10b; this should be compared with the crystalline structure of larger
supercrystals, see Figure 4.1d. Due to the larger interdot distances and reduced number of nearest neighbors, superstructure disorder is probably at the origin of reduced
coupling in the smaller supercrystals.
We consider the nature of interdot coupling in supercrystals. In principle, two
known mechanisms can unfold: Charge or energy transfer. In the case of charge
transfer, an exciton splits into an electron-hole couple and carriers travel independently from dot to dot with a certain probability that depends exponentially on the
interdot distance d and energetic disorder of the sample. The hopping rate khop can
be written as khop ∼ k0 e−βd−Ea /kB T where k0 = 2N Ea /h, β ∼ 10nm−1 for
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Figure 4.11: Optical properties of QDs dispersed and condensed into supercrystals. (a) Absorption spectrum of QD supercrystals (acceptor) and normalized photoluminescence spectrum of dispersed QDs (donor). Their spectral overlap yields the
J(λ). (b) Photoluminescence decay kinetics of donor and acceptor species. The lifetime of the donor, τD ∼ 22ns is used to determine the rate of energy transfer, kET .

alkane ligands, N = 12 is the number of nearest neighbors in a FCC crystal, and
Ea = Ec + Ed is the activation barrier for the process. [27, 31] The charging energy
Ec ∼ [d/(d + σ/2)]e2 /(4π0 σ) ∼ 1.7kB T when taking  ≈ 2.5 for oleic acid, [112]
while the energetic disorder term 0 ≤ Ed ≤ 1.2kB T when considering a polydispersity of 7%. We thus estimate the hopping rate for oleate-capped dots d = 2nm apart to
−1
amount to: khop ≈ 0.05 − 0.1µs−1 , corresponding to a time scale khop
≈ 10 − 20µs.
This is much slower than the ultrafast kinetics studied here. Therefore, this mechanism of charge transfer can be ruled out. The mechanism of resonant energy transfer
allows the exciton to migrate through the supercrystal by dipole-dipole coupling resulting in the emission of a virtual photon from a donor (D) that is absorbed by an
acceptor (A) with diameters σD < σA . [113] We can estimate the rate of energy trans−1
fer by kET = τD
(R0 /RDA )6 where τD ∼ 22ns is the measured lifetime of QDs
when RDA  R0 , that is, in dispersion, RDA = 5.5 + 2 = 7.5nm is the nearest
neighbor distance between donor and acceptor in a supercrystal, and R0 = 4.6nm
is the Förster distance given by R0 (nm) = 0.0211[κ2 n−4 P LQYD J(λ)]1/6 . [114]
Here we use κ2 = 2/3 to describe random orientation of transition dipoles, n =
φCdSe nCdSe +φOA nOA ≈ 1.9 is the refractive index of the medium calculated as volume average of the refractive indexes for CdSe and oleic acid, P LQYD = 2% is the
photoluminescence quantum yield of the QD supercrystals measured with the absolute
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R
method, [53] and J(λ) = P LD (λ)A (λ)λ4 dλ is the spectral overlap between the
R
emission spectrum of the donor P LD (λ), normalized so that P LD (λ)dλ = 1, and
the molar extinction coefficient of the acceptor A (λ), see Figure 4.11a. [113] There−1
fore, we obtain kET ∼ 2.5µs−1 , corresponding to a time scale of kET
∼ 400ns.
This time scale is also too slow to explain the decrease in biexciton binding energy
extracted from ultrafast dynamics. Nevertheless, we do observe a dramatic shortening
of the photoluminescence lifetime in supercrystals, τ ∼ 6ns when compared to dispersed QDs, which is likely related to energy transfer (Figure 4.11b). [114] By using
the measured photoluminescence quantum yield of the dispersed dots, ∼ 19%, we can
solve the system of equations: [115]
(
kr
P LQY = kr +knr
+kET
(4.1)
1
=
k
+
k
+
k
r
nr
ET
τ
for QDs dispersed and condensed in a supercrystal, where k(n)r is the (non) radiative
rate and kET = 0 in the case of dispersed dots. If we assume that knr is unchanged
from dispersion to supercrystal state, then we can quantify the rate of energy transfer
in supercrystals to be kET ∼ 114µs−1 , which is about ∼ 50 times faster than what
we predicted based on Förster theory. This value is likely an upper limit to the actual rate of energy transfer, since the non radiative rate may increase in supercrystals
as a consequence of the strain on the ligand molecules induced by the close-packed
geometry. [100, 116]

4.4

Conclusions

In conclusion, we have investigated the photonic properties of QD supercrystals
and their influence on interdot coupling. By directly measuring the scattering spectra
of supercrystals and comparing to Mie theory, we have estimated that CdSe QD supercrystals can reach absorption efficiencies up to 1.25 for a wide range of excitation and
diameters. This finding is extremely promising for the development of photonic structures based on QDs, that could be used as nano light-trapping devices in solar cells
or for more efficient photon detectors. To address the potential of supercrystals to act
as nanodevices, we have investigated the coupling of QDs in supercrystals; by using
the biexciton binding energy as a probe, we have observed a transition from bound
to free biexciton when the close-packed QD supercrystals underwent ligand-exchange
for short thioglycolate ligands. However, classical mechanisms such as charge transfer and energy transfer seem to yield rates orders of magnitudes too slow to explain
this ultrafast phenomenon.

89

CH. 4

4.4. Conclusions

