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Nanocrystals (NCs) provide narrow emission spectrum that can be conveniently tuned using quantum size effect.
This ability to adjust and control emission spectrum of NCs makes them strong candidates for use in white color
conversion light emitting diodes. For example, they are possibly be used for solid state lighting applications
including indoor lighting, architectural lighting and scotopic street lighting, where spectrally tuned color
conversion is necessary. In device research CdSe/ZnS core/shell nanocrystals are the most commonly used ones
because of their good electronic isolation coming from ZnS shells and the resulting high quantum efficiency
(QE) (i.e., >50% in solution) [1]. However, when these nanocrystals are integrated into the solid film, e.g., for
white light generation, their in-film QE undesirably drops (despite their high QE in solution). Hence, this
adversely affects the overall efficiency of the integrating devices that incorporate these NCs [2]. There have been
various studies to understand the in-film optical properties of CdSe/ZnS core/shell NCs [3-5]. However, their
spectrally resolved in-film quantum efficiency (i.e., the ratio of the number of photons emitted by the nanocrystal
film to the number of photons absorbed in the nanocrystal film) and their photon conversion efficiency (i.e., the
ratio of the number of photons emitted by the nanocrystal film to the number of photons incident to the
nanocrystal film) have not been investigated in these previous studies.
For that, in this paper we investigate spectrally resolved relative quantum efficiency and relative photon
conversion efficiency of CdSe/ZnS core/shell nanocrystals. We study the optical absorbance,
photoluminescence, spectral relative quantum efficiency and spectral relative photon conversion efficiency of
red-emitting CdSe/ZnS core/shell nanocrystals with the amounts of 0.4, 0.8, 1.6 and 2.4 nmol quantum dots. We
find out that both the average quantum efficiency and the average photon conversion efficiency of the
nanocrystal film raise with the increasing photon excitation energy. However, in this range of nanocrystal
amount, there does not exist any relation between the hybrid NC film efficiency and number of nanocrystals.
Furthermore, we investigate the time dependent emission characteristics of NCs and make time-resolved
spectroscopy of these NC films. As the number of in-film nanocrystals increases, the average lifetime of
nanocrystals increases towards longer wavelengths. With the raising amount of NCs, the average lifetime of
emission is enhanced further more and the emission of NCs is shifted further towards red. This is because of the
enhanced nonradiative pumping of these nanocrystals due to the inhomogeneous size distribution. Thus, in
principle for fine-tuning of the emission color of NCs for WLEDs application it is possible to tune the energy
transfer (i.e., red shift) by changing the integrated number of nanocrystals.

Figure 1. (a) Spectrally resolved relative quantum efficiency and (b) relative photon conversion efficiency of red emitting
CdSe/ZnS core/shell nanocrystal films (λPL in-solution= 622 nm) for the amounts of of 0.4, 0.8, 1.6 and 2.4 nmol at the excitation
wavelengths of 290 nm, 395 nm, 445 nm, 493 nm, and 544 nm, along with the average of relative quantum efficiency and
relative photon conversion efficiency in (a) and (b), respectively.

In Figure 1(a) we show the spectral relative quantum efficiency of the nanocrystal films [6]. Here the average
relative QE increases towards shorter excitation wavelengths as shown in the inset of Figure 1(a). This means
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that the excitation LED platform emitting at shorter wavelengths is a better choice to pump the NCs more
efficiently. The other important figure of merit for color conversion white LED application is the spectrally
resolved relative photon conversion efficiency as shown in Figure 1(b). The photon conversion efficiency has
also a tendency to increase with the increasing excitation energy of the incoming photon in general. On the other
hand, there are discrepancies between the behavior of the photon conversion efficiency and quantum efficiency.
For instance, even though the sample with 0.4 nmol NCs shows the highest QE at 544 nm, the photon conversion
efficiency is the lowest. Here the reason is that this sample contains the fewest number of NC emitters absorbing
only a portion of the incoming excitation and converting to red emission. However, the optical absorption
enhances as the photon energy of the incoming photons increases and the incident photons are absorbed more
and converted more efficiently to the NC emission. Thus, for color conversion NC-integrated LED, this
experimental characterization demonstrates that it is in principle possible to achieve high color conversion with
thin NC films by pumping at a shorter wavelength.

Figure 2. Spectral time-resolved emission spectroscopy in the spectral emission range of 610-660 nm (with a 10 nm spectral
spacing) of (a) nanocrystals in solution, and nanocrystals in film with the amounts of (b) 0.4 nmol and (c) 2.4 nmol.

To understand the time-dependent behavior of our NC films, we measure time-resolved photoluminescence of
the NC films. For that we investigate the lifetime kinetics of nanocrystals in solution and in film with 0.4 nmol
and 2.4 nmol of NCs between 610 and 660 nm with a 10 nm spectral spacing in Figures 2(a), 2(b) and 2(c),
respectively. In Figure 2(a), the spectral dynamics of nanocrystals dispersed in solution are shown and the decay
curves do not change significantly from 610 nm to 660 nm. If we also look at the amplitude average lifetimes,
they alter from 15 ns to 21 ns, respectively, as shown in the inset of Figure 2(a). On the other hand, in the case of
0.4 nmol NCs in the solid form the time-resolved decays become more separated from each other and change
drastically as going from 610 nm to 660 nm in Figure 2(b). The modification of lifetime dynamics in the case of
0.4 nmol NCs with respect to the case of NCs in solution is higher due to the environmental change from
solution to air-nanocrystal where the amplitude average lifetimes change from 4 ns to 15 ns. In addition, the
interdot separation in solution is on the order of hundreds of nanometers, which is larger than the distance
needed for nonradiative energy transfer among nanocrystals (i.e., around <5 nm). Thus, the nanocrystals in
solution do not exhibit dipole-dipole coupling. On the other hand, in closely-packed solid films the dipole-dipole
interaction becomes effective such that smaller-sized nanocrystals with wider effective bandgap give their
excitonic energy to larger-sized ones with narrower bandgap due to the inhomogeneous size distribution of NCs.
When the number of NCs is further increased to 2.4 nmol as shown in Figure 2(c), the transient decay curves
become even more separated from each other where the amplitude averaged lifetimes change from 4 ns to 20 ns.
Thus, the separation between the radiative decays at different wavelengths increases as going from solution to
0.4 nmol NCs in film and finally to 2.4 nmol NCs. As a result, since the energy transfer is increased, the
emission of 2.4 nmol NCs in film is shifted more to the red side of the spectrum. Therefore, varying the
integrated number of nanocrystals (i.e., modifying the energy transfer) changes the emission color of NCs for
color conversion LED application.
In conclusion, we presented wavelength dependent color conversion of CdSe/ZnS core/shell nanocrystal solids.
We observed that both the average quantum efficiency and the average photon conversion efficiency of the
nanocrystal film increase with the increasing photon energy incident onto the nanocrystal solids. Furthermore, by
changing the integrated number of NCs, we showed that it is possible to modify the red shift of emission
spectrum because of the variations in the energy transfer.
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