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Abstract: We propose and demonstrate hybrid white light emitting diodes
enhanced with resonant nonradiative energy transfer in CdSe/ZnS core/shell
nanocrystal solids integrated on near-UV InGaN/GaN LEDs. We observe a
relative quantum efficiency enhancement of 13.2 percent for the acceptor
nanocrystals in the energy gradient mixed assembly, compared to the
monodisperse phase. This enhancement is attributed to the ability to recycle
trapped excitons into nanocrystals using nonradiative energy transfer. We
present the time-resolved photoluminescence of these nanocrystal solids to
reveal the kinetics of their energy transfer and their steady-state
photoluminescence to exhibit the resulting quantum efficiency
enhancement.
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Semiconductor nanocrystal (NC) quantum dots attract significant attention because of their
size-tuneable optical properties with large photoluminescence (PL) quantum yields and high
photostability [1]. They aso exhibit relatively narrow and symmetric PL with high
photobleaching thresholds, and feature small spectral overlap between absorption and
emission. Furthermore, for device applications, various common film deposition techniques
(spin casting, dip coating, Langmuir-Blodgett, etc.) may be conveniently used to make
uniform NC films in solid state. As a result, semiconductor NCs have been extensively
exploited in a wide range of applications [1-15]. However, in those device applications,
nanocrystals typically suffer from relatively low quantum efficiency when they are cast into
solid form [16]. To address this problem, we investigate the use of Forster energy transfer in
nanocrystal solids to increase their spontaneous emission rate in hybrid white light emitting
diodes (WLEDs). The emission enhancement based on such carefully designed energy
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transfer systemsiis critically important especially for white light emitting diodes in solid state
lighting application, which is considered to make one of the next solid state frontiers.

The Forgter energy transfer (ET) is the nonradiative transfer of excitation energy from an
excited molecule (donor) to a ground-state molecule (acceptor) [17-25]. Kagan et al. first
demondtrated ET in spin-cast films of closely packed CdSe core nanocrystals with different
sizes [18,19]. Crooker et a. showed bilayer light-harvesting quantum dot films with an
effective energy bandgap gradient structure with monolayer assemblies of CdSe/ZnS
core/shell nanocrystals [20]. This energy gradient structure efficiently transported energy
between nanocrytals in a submicron range much faster than their radiative decay rates[20,21].
Franzl et al. demonstrated energy transfer in bilayers of CdTe NCs by using oppositely
charged polyelectrolyte linkers [22] and then without using any linker they revealed ET in
bilayers of oppositely charged NCs [23]. They further showed a cascaded energy transfer
having a funnel-like band gap profile structure by using distinctly sized CdTe nanocrystals
[24]. Also, Klar et al. showed super efficient exciton funneling structure using layer-by-layer
nanocrystals [17]. In that study it was demonstrated that using energy gradient structure not
only excitonsin radiative states are transferred, but also the trapped excitons that are generally
nonradiatively recombined are recycled, resulting in an overal emission increase. Also,
Achermann et a. demonstrated a none-white light emitting diode by pumping a single type of
CdSe/ZnS nanocrystals using epitaxial quantum wells, i.e., excitation from quantum wells to
nanocrystals [25]. However, the use of the Forster ET particularly in nanocrystal solids of
white light emitting diodes has not been studied or demonstrated for solid state lighting to
date.

In this work, for white light emitting diodes we propose and demonstrate the
enhancement of spontaneous emission in integrated nanocrystal solids on hybrid WLED
platforms. We use closely packed CdSe/ZnS core/shell nanocrystals of two carefully selected
sizes with sufficient energy gradient (approximately 160 meV) hybridized on our near-UV
InGaN/GaN LEDs for enhanced quantum efficiency of quantum dot solids. In such designed
mixture of nanocrystal solids, the small quantum dots serve as donors and the large quantum
dots as acceptors, leading to energy transfer from the small ones to the large ones. As a result,
we observe an emission enhancement of 46% for the large dots residing in the mixed energy
gradient assembly of small and large dots, with respect to the emission of only large dots. This
corresponds to a 13.2% increase in the quantum efficiency of the large dots in the presence of
the small dots, compared to the large dots alone. Here we investigate the Forster energy
transfer using both steady-state and time-resolved spectroscopy of these nanocrystal solid
samples. Their time-resolved photoluminescence, which reveals the kinetics of the energy
transfer, and their spontaneous emission at the steady state, which exhibits the resulting
guantum efficiency enhancement, together prove the action of energy transfer in nanocrystal
solids.

To investigate Forster energy transfer, we use CdSe/ZnS core/shell nanocrystals from
Evident Technologies with diameters of 7.7 nm and 8.2 nm emitting at 540 nm and 580 nm in
solution, respectively. For control groups, we prepare two test solid films that consist of only
small and only large quantum dots. For nonradiative Forster energy transfer, we prepare
mixed assembly of both small and large nanocrystals by making their closely packed film.
This solid film contains exactly the same total amount of large and small nanocrystals as in
the control groups. For time-resolved spectroscopy measurements (shown in Fig. 1), we use a
FluoTime 200 spectrometer (PicoQuant) with a time-correlated single photon counting
(TCSPC) system of PicoHarp 300 with a calibrated time resolution of 4 ps. To pump
nanocrystal solids, we use alaser head at an emission wavelength of 375 nm with light pulses
as short as 70 ps and a photon multiplier tube (PMT) as the detector. Using an output
monochromator, we characterize al of the prepared NC solids at 550 nm and 612 nm,
corresponding to the peak emission wavelengths of the small NCs and the large NCs in the
film, respectively. For the data analysis we use the software FuoFit to deconvolute the
instrumental response. For steady-state spectroscopy measurements (shown in Fig. 2), we use
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a Xenon halogen lamp in a monochromator as the excitation light source and an integrating
sphere for collecting the total emission from the nanocrystal solids.

Figure 1(a) shows the time-resolved photoluminescence of only small nanocrystal solids
along with that of mixed large and small solids, both at the emission wavelength of small dots
(around 550 nm). Figure 1(b), on the other hand, depicts the time-resolved photoluminescence
of only large nanocrystal solids along with that of mixed large and small solids, both at the
emission wavelength of large dots (around 612 nm). In Fig. 1(a), the decay rate of the mixed
nanocrystal solids at 550 nm is clearly observed to increase with respect to the only small dots
because the small dots serving as donors in the mixture quench as a result of their excitation
energy transferred to the acceptor large dots in the mixture. In contrast, in Fig. 1(b) the decay
rate of the mixed nanocrystal solids a 612 nm is clearly observed to decrease with respect to
the only large dots because the acceptor large dots take the transferred energy from the donor
small dots. We fit our decay curves in Fig. 1(a) and (b) using a multiexponential model fit
with convolution of the laser diode response a 375 nm; their fitting parameters are
summarized in Table 1. Here the lifetime 1 (i.e., 11) isthe general lifetime of the nanocrystals,
which is on the order of tens of nanoseconds [16,25]. However, there exists another decay
lifetime (i.e., 12), which is more than 40 ns. The amplitude of the long decay component is
relatively weak when we compare its amplitude (with counts of hundreds) to that of the
general nanocrystal decay time amplitude (with counts of thousands). We attribute these slow
and weak decay components to environmental effects. Furthermore, for mixed small and large
nanocrystal case at 612 nm, we have a third lifetime component (i.e., t3) of 2.84 ns. This third
component is an additional decay for small dots as donors, but it also appears as an additional
energy increase for large dots as acceptors in the mixed case (In Table 1, to differentiate the
energy increase component, we put a minus sign in the amplitude). In addition, we aso
calculate the intensity averaged lifetime components (i.e., tag) USiNg equation (1) (where A;
and 7, refer to amplitudes and lifetimes, respectively) to observe the quenching for small dots
and the energy feeding in large dots. The intensity weighted average decay time constant for
the small dots at 550 nm is found to decrease from 15.53 ns to 10.58 ns as a consequence of
guenching when the small dots are placed in the close vicinity of the large dots in the mixed
assembly. On the other hand, the intensity weighted average decay time constant of large dots
in the mixed assembly at 612 nm is found to increase from 17.66 ns to 22.59 ns with respect
to only large dots as a result of the energy transfer. Also, using equation (2), we calculate the
amplitude weighted average lifetime (i.e., Tamp-ag) Of ONly small nanocrystals and mixed
small-large nanocrystals case at 550 nm. Furthermore, we determine the efficiency of energy
transfer using equation (3) where tanp-ag-na refers to the amplitude weighted average lifetime
of mixed small (Donor) and large (Acceptor) nanocrystals and Tanp-avg-o refers to the amplitude
weighted average lifetime of only small (Donor) nanocrystals [26]. As a result, the efficiency
of energy transfer in the mixed small and large nanocrystals reaches a relatively high level of
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Fig. 1. Time-resolved photoluminescence of (a) only small nanocrystal solids (with a diameter
of 7.7 nm) and mixed nanocrystal solids (with diameters of 8.2 and 7.7 nm) for emission at 550
nm, and (b) only large nanocrystal solids (with a diameter of 8.2 nm) and mixed nanocrystal
solids (with diameters of 8.2 and 7.7 nm) for emission at 612 nm.

Table 1. The fitting parameters of time-resolved spectrain Fig. 1(a)-(b). A, and =, are the amplitudes and decay time
constants, for n=1, 2, 3; Ta,g and Tamp-avg are the intensity and amplitude weighted average decay time constants.

Only small Mixed small and Only large Mixed small and
nanocrystals | largenanocrystals | nanocrystals | large nanocrystals
(at 550 nm) (at 550 nm) (at 612 nm) (at 612 nm)

A; [Counts] 10313.6 4189.2 10171 12588

7, [ng] 12.06 10.00 9.936 16.96

A, [Counts] 410.3 110.9 499.9 416.0

T, [ng] 41.133 46.33 42.597 61.90

A; [Counts] - 7248 - —3298

13 [N 2.84 2.84

Tavg [ ns] ‘ 15.53

Tampavg[NS]

We also present the steady-state spectroscopy measurements of these nanocrystal solid
samples that are taken using an integrating sphere to observe the effect of this Forster energy
transfer on the spontaneous emission spectra and the associated quantum efficiencies. In Fig.
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2, the photoluminescence and absorption spectra of only large, only small, and mixed large
and small nanocrystal assemblies are shown. In the mixed large and small nanocrystal solids,
the peak at 550 nm decreases with respect to only small nanocrystal solids due to transferring
its excitation energy to the large nanocrystals (i.e., quenching of the small nanocrystals) and,
for the same reason, the peak a 612 nm increases as a result of the transferred energy.
Although the number of large dots in mixed assembly is the same as only large dots, we
observe a 46% enhancement in the emission of large dots in the mixed assembly compared to
only large solids. Furthermore, to investigate the quantum efficiencies (QEs) of these solid
samples, we experimentally measure QE of the mixed solids to be 29.1% in the integrating
sphere. It is known that the emission spectrum of nanocrystals exhibits a Gaussian like
emission line shape on a wavelength scale. This kind of Gaussian fit is also used in several
references [27-29]. Using Gaussian fits to the steady-state luminescence of the mixed
nanocrystal solids and weighting only according to the emission levels of small and large dots
alone, without considering energy transfer, we calculate the expected QE of the mixed solids
to be only 25.7%. Therefore, we find out that the experimentally measured QE is 13.2 percent
better than the predicted one because of the energy transfer. It is well known that excitons are
more likely to be captured in surface traps leading to non-radiative recombination in defect-
rich NCs, while defect-poor NCs exhibit a higher probability for radiative recombination.
Using energy transfer, it is possible to transfer the excitation energy of trapped excitons from
defect-rich NCs in film to proximal defect-poor NCs, as extensively discussed in [17].
Therefore, the difference in the measured and predicted efficiencies is attributed to the portion
of trapped excitons recycled by the energy transfer to additionally contribute to the emission.
Furthermore, we also observe that the orange emission of large nanocrystals in the mixed
assembly is red shifted with respect to the case of only large nanocrystals. This red shift is a
typical result of the dipole-dipole interaction. Among the orange emitting nanocrystals
(acceptors), those with dlightly larger size (in their size distribution of <5%) accepts more
energy from green emitting nanocrystals (donors), leading to a further red shift. A similar
situation occurs also in single-sized nanocrystals in film with a red shifted and modified
emission line shape due to inhomogeneous size distribution asin [19].
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Fig. 2. Photoluminescence spectra of only large nanocrystals (8.2 nm), only small nanocrystals
(7.7 nm) and mixed large-small nanocrystals (8.2 and 7.7 nm, respectively) along with their
absorption spectra shown in the inset.
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We employ these mixed large-small nanocrystal assemblies that exhibit Forster energy
transfer in white light generation. We use the same amount of nanocrystals in the mixed
assembly on an InGaN/GaN n-UV LED emitting at 383 nm. Similar device fabrication and
characterization methods are given in our previous works [30-34], and their design and
growth procedures are described elsewhere [34]. The operating principle of this white light
emitting diode relies on the hybrid use of the LED as the excitation source and the integrated
nanocrystal solid film as the photoluminescent layer. Near-UV LED pumps all the integrated
nanocrystal solids that in turn luminescence at their corresponding emission wavelengths,
while the excitons in the small nanocrystals and the trapped excitons also further transfer their
energy to the large nanocrystals. Conseguently, the photoluminescence of these nanocrystals
enhanced with the energy transfer and the electroluminescence of the LED contribute
altogether to generate white light. In Fig. 3, the emission spectra of the hybrid device driven at
various current injection levels a room temperature are shown. Here it is important to
carefully balance the levels of green emission (Ap.= 550 nm) and orange emission (Ap = 592
nm) from these nanocrystals to alow the near-UV tail of the LED emission to shift the
tristimulus coordinates to the white region. The emission spectrum of hybrid LED
corresponds to (x,y) tristimulus coordinates of (0.44,0.40) and a correlated color temperature
of 2872 K. This very warm white light emitting diode with such a low correlated color
temperature is particularly important for indoor illumination applications[9].
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Fig. 3. Emission spectra of mixed CdSe/ZnS core/shell nanocrystals (with diameters of 8.2 nm
and 7.7. nm) hybridized on n-UV InGaN/GaN light emitting diode driven at different levels of
current injection at room temperature, along with the corresponding (X, y) coordinates and
pictures of the hybrid WLED, while generating white light.

In conclusion, we demonstrated hybrid white light emitting diodes enhanced with
resonant nonradiative energy transfer in CdSe/ZnS core/shell nanocrystal solids integrated on
near-UV InGaN/GaN light emitting diodes. We observed a relative quantum efficiency
enhancement of 13.2 percent for the acceptor nanocrystals in the energy gradient assembly by
comparing with the monodisperse phase. We investigated the Forster energy transfer and
guantum efficiency enhancement using both steady-state and time-resolved spectroscopy
measurements. We believe that the resonant nonradiative energy transfer offers great potential
to improve the efficiency of nanocrystal solids in lighting applications.
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